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MEASUREMENT OF FRICTION BETWEEN A FINGER TIP AND WOVEN 
FABRICS FOR TACTILE SENSING 
SUMMARY 
There are far-reaching investigations on the nature of friction and its role on 
determining yarn and fabric properties. Handle and aesthetics are in relationship with 
the frictional properties of the fabric. Fabric structure, assessed with the pattern and 
density of the fabric, and yarn friction both determine the properties of fabric surface 
friction.  
In this study, worsted woven fabrics were preferred due to their commercial 
significance. Sample fabrics were developed with different patterns, weft densities 
and weft yarn linear densities. Except surface frictional properties, when other 
mechanical properties of woven fabrics maintain constant, the relationship between 
surface friction and the tactile properties of the woven fabrics could be observed.  
The surface friction measurement was realized with a new designed friction setup. 
Coefficients of friction of sample fabrics were measured by this friction setup. 
Experiments were completed with a proper probe material, which is a silicone based 
artificial finger tip. The tip mimics the shape and physical features of the human right 
index finger tip. A polyamide based specific fabric holder was designed and 
developed. It provides a smooth and light platform during motion. Variables of 
experimental setup such as proper normal load, velocity of fabric holder and fabric-
probe contact area, which could significantly influence the measurement of surface 
friction testing, were also investigated.  
Friction test results showed that the value of coefficient of friction decreased with the 
increased normal load. At high levels of normal load, the coefficient of friction 
approached a constant value. The results coincided with formerly reported results 
and showed that Amonton’s laws do not fit most of textile materials. 
In the range of very low velocities coefficient of friction changed slightly. In the 
range of low velocities coefficient of friction increased with velocity. In the range of 
high velocities coefficient of friction changed slightly. This result was attributed to 
viscoelastic properties of fabrics.  
With increase of weft density, coefficient of friction increased. Weft density effect 
was attributed to increase in contact area, cover factor and surface roughness and 
decrease in air permeability.  
Coefficient of friction decreased with fabrics made from finer yarns. This result was 
explained with decrease in contact area, increase in surface smoothness and air 
permeability.  
Lastly, satin weave fabric had the lowest coefficient of friction among plain and twill 
weave fabrics. This result was explained with that increase in length of float yarns 
and number of floats per unit area resulted in decrease in coefficient of friction. 
Importance of direction of motion was observed for different patterns. 
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DOKUNSAL ALGILAMA İÇİN BİR PARMAK UCU İLE DOKUMA 
KUMAŞLAR ARASINDAKİ SÜRTÜNMENİN ÖLÇÜLMESİ 
ÖZET 
Sürtünmenin doğası ve iplik ile kumaş özelliklerinin belirlenmesindeki rolü üzerine 
geniş çapta araştırmalar yapılmıştır. Tutum ve estetik özellikleri kumaşın sürtünme 
özellikleriyle ilişkilidir. Kumaşların yüzey sürtünme özelliklerini, kumaş örgüsü, 
sıklığı, yapısı ve kumaş yapısını oluşturan ipliklerin iplik sürtünmesi belirlemektedir. 
Kamgarn yün ipliğinden dokunmuş katma değeri yüksek olan kumaşlar 
araştırmamızda tercih edilmiştir. Farklı örgü tipinde, farklı atkı sıklığında ve farklı 
atkı iplik inceliğinde numune kumaşlar geliştirilmiştir. Dokuma kumaşların yüzey 
sürtünmesi hariç diğer mekanik özellikleri sabit tutulduğunda, yüzey sürtünmesi ile 
tutum özellikleri arasındaki ilişki incelenmiştir.  
Geliştirilen kumaşların sürtünme katsayıları yeni tasarlanmış bir düzenek ile 
yapılmıştır. Deneyler, silikon esaslı malzemeden yapılmış yapay parmak ucu 
yardımıyla ölçülmüştür. Yapay parmak ucu, insan sağ işaret parmağının şekil ve 
fiziksel özelliklerini taklit etmektedir. Poliamid esaslı özel bir kumaş taşıyıcı 
tasarlanıp üretilmiştir. Kumaş taşıyıcı hareket esnasında pürüzsüz ve hafif bir 
platform sağlamaktadır. Yüzey sürtünmesinin ölçümlerini önemli derecede etkileyen 
deney düzeneği değişkenleri; kumaş taşıyıcı hızı, kumaş-ölçüm ucu temas alanı ve 
uygun normal kuvveti de ayrıca incelenmiştir.  
Sürtünme deneyinin sonuçları göstermiştir ki, sürtünme katsayısının değeri 
uygulanan normal kuvvet arttıkça azalmıştır. Yüksek normal kuvvet değerlerinde 
sürtünme katsayısı sabit bir değere ulaşmıştır. Çıkan sonuçlar önceden rapor edilmiş 
sonuçlarla tutarlıdır ve Amonton kanunları tekstil malzemelerinin çoğuna 
uymamaktadır.  
Çok düşük hız aralığında, sürtünme katsayısı belli belirsiz değişmiştir. Düşük hız 
aralığında sürtünme katsayısı hız arttıkça artmıştır. Yüksek hız aralığında ise 
sürtünme katsayısı belli belirsiz değişmiştir. Bu sonuçlar kumaşların viskoelastik 
özellikleri ile ilişkilendirilmiştir.  
Atkı sıklığının artması ile sürtünme katsayısında bir artma olmuştur. Atkı sıklığının 
sürtünme katsayısı üzerindeki etkisi, temas alanındaki, örtme faktöründeki ve yüzey 
pürüzlülüğündeki artışa, ve hava geçirgenliğindeki düşüşe bağlanmıştır. 
Daha ince ipliklerden yapılmış kumaşlarda sürtünme katsayısı düşmüştür. Bu sonuç, 
temas alanın azalması, yüzey pürüzsüzlüğünün ve hava geçirgenliğinin artması ile 
açıklanmıştır. 
Son olarak, bezayağı ve dimi kumaşlarının arasında çözgü sateni en düşük sürtünme 
katsayısına sahip çıkmıştır. Yüzen iplik uzunluğundaki artış ve birim alanda bulunan 
yüzen iplik sayısındaki artış sürtünme katsayısında düşüşe neden olmuştur. Farklı 
desenlerde hareket yönünün önemli olduğu görülmüştür.  
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1. INTRODUCTION 
Friction has been studied for a very long time especially in classical mechanics and 
general physics [1] and three macroscopic laws of friction were established 
experimentally by Leonardo da Vinci, Guillaume Amontons and Charles Augustin 
Coulomb but it is still not understood well with more principle microscopic 
progresses [2]. 
Friction is everywhere at any time the day from the ticking of the clock in the 
morning, throughout daily works until going to bed. There is no field in life that can 
exclude friction.  
Efficiency of staple processing, twisting and winding of yarns, weaving, knitting of 
fabrics, and forming and finishing of final products from textiles are all importantly 
related to friction. This property greatly affects the surface physical properties like 
roughness and smoothness and mechanical properties like stiffness, drape, shear, 
strength and elastic recovery.  
Required friction properties of textile materials are varied from process to process 
and application to application. For example, lower friction value is desired for 
braided textiles used for closing wounds while higher friction value is desired for 
insuring knot security. Drape and comfort properties are improved by lower friction 
value whereas strength and dimensional stability are enhanced by higher friction 
value. 
Friction studies were started with metals and classical laws of friction were 
developed through these studies. However more profound understanding of friction 
was developed in non-metals such as elastomers, plastics and fibers in the twentieth 
century [3]. 
As indicated in several researches [4, 5, 6, 7, 8, 9 10, 11, 12] classical friction laws 
are enough to explain frictional properties of materials which deform plastically 
however it is not the valid case for materials that deform viscoelastically. In the view 
of this situation studies showed that, frictional force and normal force are not linear.  
2 
 
In general it is believed that starting to slide requires much more force than 
maintaining it [3, 5]. The peaks and troughs determine this situation. In smooth and 
uniform materials these fluctuations may be regular but in assembles composed of 
variable structures the fluctuations are irregular [3].  
Fiber surface structure and material properties determine the fiber friction.  Yarn 
friction is consisted of fiber friction and yarn structure. Spun yarns have much more 
complex surface morphology than filament yarns due to their highly complex nature 
therefore it is difficult to analyze the friction properties of spun yarn. 
Yarn friction and fabric structure determine the fabric friction. Fabric structure in 
woven fabric is based upon the variable weave types. Aesthetics and mechanic 
performance of end-use are in relationship with the frictional properties of the fabric 
[13].  
There have been many types of friction test methods to measure friction. They can be 
varied according to the form of textile material used, characteristics of contact 
between the surfaces, relative motion, and applied normal force. The contact takes 
place between the fiber and fiber or another surface. Therefore, there have been 
many studies to understand the fiber friction. The friction on fabric level was 
examined by researchers in order to understand in what scale the friction is effective 
on subjective feelings such as hand feeling and comfort in terms of the construction 
factors [3].  
Worsted fabrics have hairy surface because of the staple fiber yarns. The hairy 
surface greatly affects the motion of hand scanning over the fabric to determine the 
fabric tactile properties. People make their decisions for purchasing the textile 
products or not in terms of the judgment on how a surface is felt [14]. This judgment 
is a subjective way that can be change from person to person. To eliminate this 
changeability and make an objective measurement of fabric tactual properties, there 
have been many attempts for quantitative assess of fabric surface characteristics in 
view of perceived touch and subjective feeling of the fabric. Kawabata presented 
Kawabata Evaluating System (KES-FB) to measure mechanical properties of with 
the aim of predicting human tactile sensations. In this system seven different kinds of 
properties were covered which are bending, surface, tensile, shearing, compression, 
thickness and weight. The system has complicated structure and functions [15].  
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Measuring surface frictional properties of fabrics while the other properties, which 
are bending, tensile, shearing, compression, thickness and weight, are kept constant, 
can give a comparable idea about fabric handle among different fabrics. 
In this study, fourteen commercially available worsted woven fabrics were developed 
in order to observe the effects of fabric parameters, such as weft yarn density effect, 
weft yarn linear density effect and pattern effect, on the friction. Physical properties 
of these developed fabrics, which are fabric weight, fabric thickness, fabric air 
permeability, cover factor, yarn sett, yarn counts and yarn twists, were measured. 
A set up was designed with the aim of measuring the surface frictional forces of 
these fabrics with a very high degree of sensitivity. Experimental variations of the set 
up were investigated. A polymeric artificial finger tip was developed in order to copy 
human index finger with a similar surface profile and features. Elastic modulus of 
finger tip, measured by compression test, compared with elastic modulus of human 
skin reported by researchers [16-18]. 
A polyamide based specific fabric holder was designed by SolidWorks, computer 
aided design program, and developed by three-dimensional printer, in order to hold 
tested fabrics on a smooth and light platform during motion. Form and mass of the 
fabric holder was very significant because fabric holder transmitted the frictional 
force to the loadcell measuring friction force. 
In order to see the normal load effect on frictional resistance, the study was 
conducted at eight different normal loads. Friction measurements were conducted at 
nine different velocity levels to find out velocity effect on the values of coefficient of 
friction. 
In terms of the results of normal load and sliding speed effects on frictional 
resistance, one normal load level and one velocity level were taken to be utilized in 
subsequent tests of fabric parameters. At low normal loads coefficient of friction 
decreased significantly with the increasing normal loads, but at sufficiently high 
normal loads coefficient of friction approached a constant value. Decreased value of 
friction was attributed to flattened fabric surface by increased normal loads. Within 
limited velocities speed-independent friction was revealed. In the range of low 
velocities the value of coefficient of friction was increased with the increased 
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velocity. At high velocity levels, frictional resistance changed again slightly. This 
result could be attributed to viscolelastic properties of fabrics.  
To investigate frictional properties of woven fabrics via this new designed 
experimental setup, the effects of weft yarn density, weft yarn linear density and 
pattern were measured. 
Increasing weft density resulted in an increased frictional resistance. This result 
could be explained with increased contact area so the cover factors, increased 
number of yarn intersections so the surface roughness, and decreased air 
permeability.  
Fabrics woven from finer yarns showed lower frictional resistance than thicker yarns 
showed. This result could be explained with decreased contact area, increased 
surface smoothness and air permeability.  
Increase in length of float yarns and number of floats per unit area resulted in a 
decrease in coefficient of friction thus in warp yarn direction, 5/1 satin weave fabric 
showed the lowest frictional resistance among 1/1 plain weave and 2/1 twill weave 
fabrics. On the other hand, in weft yarn direction 1/5 sateen weave fabric showed the 
lowest frictional resistance among 1/1 plain weave and 2/1 twill weave fabrics. Satin 
and sateen weave fabrics had the reverse results due to the motion direction. 
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2. FUNDAMENTALS OF FRICTION 
2.1 Introduction 
Friction is the resistance to relative motion of two adjacent surfaces. Friction 
performs two main tasks that the one is transmitting energy from one surface to 
another and the second is dissipating energy of relative motion [19]. The friction 
concept is well understood in metals however for nonmetals, especially for textiles 
and rubbers, friction is still complicated and needs to understanding deeply [3].  
2.2 Principle Laws of Friction 
Friction is the tangential force that stems from the sliding contacts of two bodies 
depends on the dynamics of the system in which the friction occurs. The friction 
force is measured basically by moving an idealized mass on a flat as to and fro with a 
force F. Under such idealized circumstances friction force arises as difference 
between the force put on the mass and resulting inertial force of mass [19]. The 
principle laws of friction is firstly figured out by Leonardo de Vinci in beginning of 
the fifteenth century, and he proposed that the friction depended on the load but 
independent of geometrical contact area [3, 2]. In 1699, Amonton rediscovered and 
developed Vinci’s findings. Coulomb in 1788 discovered dry friction that is 
independent of velocity but depends on the roughness [2]. Their observations might 
be summarized as below: 
 The frictional force, F, is proportional to the normal force, N, the ratio, F/N, 
is called as coefficient of friction which describes the average friction 
properties of an interface can be illustrated by the symbol of µ. 
 F is independent of the geometrical contact area. 
 The static frictional force, required for beginning to slide,   , is greater than 
the dynamic frictional force, required for maintaining to slide,   . 
    is independent of the sliding speed [3,20]. 
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To the end of the nineteenth century these laws were adopted in causes and results of 
practical frictional problems without critical doubt. Surface roughness, the adhesion, 
and the deformation theories were considered. Amonton, the first to fulfill the 
friction as a scientific study, had put forward that the friction stems from a force 
which is required to separate one surface from over the asperities of the other 
surface. Contemporaries contemplated that the attractive forces between the atoms on 
the surfaces or the electrostatic forces brought about the friction force. In the first 
half of the twentieth century, Bowden and his colleagues illustrated that there is an 
actual union between the two surfaces at the points of contact. In addition, these 
junctions are sheared by an effort that results in the frictional force as a means to 
begin sliding [3]. The statements of Amonton about friction that the F is independent 
of the contact area of surfaces sliding on one another and the µ, the ratio between 
frictional force and normal force, which is constant, are only valid for metals or 
materials having high elastic modulus [13]. However, contact parameters between 
two sliding bodies alter continuously, and hence the normal contact force cannot 
resist unchanging in most dynamic systems. This shows that friction force comes to 
be time dependent, so the understanding of the system dynamics and system response 
require thorough measurements [19]. 
2.3 Adhesion-Shearing Theory 
Elastic deformation and adhesion are processes that are important factors in resisting 
the relative motion throughout sliding contact. The resisting forces arise at the true 
contact areas between asperities. Asperity distributions, mechanical characteristics of 
the surfaces, external forces and relative motion determine location, size, and the 
orientation of the contact areas, and the contact forces developing at each asperity 
[20]. The normal load performing at the tips of asperities exerts a pressure that 
overwhelms the yield value or elastic limit of the material. This deformation 
continues until the force is supported elastically by increased area and decreased 
pressure. The character and magnitude of the deformation depend on the mechanical 
properties of the material. For example, for the metal materials, at exceeding yield 
value pressures plastic deformation occurs. The relationship between the total area of 
contact and applied normal force and the yield pressure of the material is illustrated 
in Equation 2.1 [3]. 
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                  (2.1) 
where, N=applied normal force,   = the yield pressure of the material, and A= the 
total area of contact. It is clear to understand that the true contact area is directly 
proportional to applied normal force. The pressure leads to viscous or plastic flow 
and the work is dissipated in the regional parts as heat thus it helps to form welded 
junctions. The non-metals are poor thermal conductors so that the effect of the heat 
originated from friction can be much higher in non-metals than metals. These 
junctions can be termed as cold junctions, since the temperature change in non-
metals is not in a noticeable level. 
According to Tabor, sliding friction among clean polymers can be explained in terms 
of adhesion and shearing as it is the case in metals [13]. Shearing these junctions is 
needed to start sliding [3]. The frictional force is necessary to rupture the S, which is 
shear strength of the junctions, and the force can be expressed as below: 
                                      (2.2) 
Where, S= the bulk shear strength of the junctions (    ), and A= the real area of 
contact [3]. According to adhesion theory, surfaces contact each other at their tips of 
the asperities when they press with N [13]. The following relations can be expressed 
as below: 
      
 
  
  
 
  
                                                 (2.3) 
   and S are material constants and there is a direct proportion between F and N that 
supports the first law. Under quite high loads, which are higher than yield value, A 
behaves independently from number of points of contact and depends on normal load 
solely, so that F does not rely on the geometric area of contact. This case fits in the 
second law of friction [3].  
2.4 Friction Contact Area 
Although one surface might be seen flat on millimeter scale, if it has asperities on 
micrometer scale then it is denoted rough. While one surface moves over the other, 
an interaction occurs between surface asperities. This interaction causes energy 
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dissipation between asperities [2]. Here dissipation is explained as conversion of 
kinetic energy to thermal energy [19]. Because of this energy dissipation, the real 
contact area is a few orders of magnitude smaller than apparent contact area. This 
fact is significant therefore it needs taking into consideration [2].  
2.5 The Function of Surface Roughness 
Interface properties of the interacting bodies and the dynamics of the system 
enclosing these determine the friction. At a macroscopic level, friction and normal 
forces are time dependent because real contact areas alter with the relative surface 
movement at a microscopic level. Akay [21] developed a friction model that explains 
the deformation and adhesion phenomena among surface asperities in detail. It has 
two other main approaches apart from the traditional analyses. One is that the two 
interacting bodies have independent roughness distributions from each other. Second 
is that the interface contact develops not just at the peaks of the asperities as 
substantiated previous studies but at their slopes as well. In slope contacts, oblique 
interactions take place that cause motion normal to sliding direction.  
Normal components of the forces are in relationship with the true contact area 
changing continuously during sliding and thus the friction force depends on system 
dynamics. Friction and normal forces progress at the true contact areas among the 
asperities.  
Adhesion and deformation develop as asperities slide over another. During this 
sliding, the magnitude and the direction of the adhesion and deformation forces 
change. Thus the distribution of the contact areas and direction of the forces depend 
largely on the surface characteristics and dynamic reaction of the system.  
The friction force consists of the vector sum of resistive forces at the contact areas. 
In Figure 2.1 sums of the local deformation and adhesion forces are shown [21].  
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Figure 2.1: Cross sections of two surfaces during sliding over another,  
        adapted from [21]. 
F and R denote sums of the local deformation and adhesion forces, respectively. 
Subscripts n, t refer to normal and tangential components respectively. f and r are 
local contact forces. Deformed surfaces are shown with solid lines and undeformed 
surfaces are showed with dotted lines. In many of the previous models the contacts 
occurrence is accepted as it is taken place at solely surface peaks with contact areas 
parallel to the mean plane of the surface however oblique contacts occur as well. In 
addition, the probability of the contact occurrence at asperity peaks is very low 
because of the uncorrelated surface asperity distributions. Resisting contacts refer to 
tangential components that are in the reverse direction with the relative motion, in 
contrast, assisting contacts refer to tangential components that helps the motion by 
being in the same direction. 
Contact forces divided into two components. One is in the direction of sliding and 
the second is normal to sliding at oblique contacts. With changing the contact 
position the slope alters automatically causing oscillations in the normal direction. 
The kinematic friction force,   , and normal friction force ,  , and the time-
dependent contact area projections are  in relation as showed below: 
   (t)=   +   = 
  
  
   +   
  
 
  
                         (2.4) 
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  (t)=                         (2.5) 
where,   = total tangential deformation forces,     total tangential adhesion forces,  
   and    = contact area projections,   = total normal deformation forces and   = 
total normal adhesion forces. Sums of the tangential deformation forces,     and 
adhesion forces,     compose the total friction force while sums of the normal 
deformation forces,   , and normal adhesion forces,     constitute total normal force 
between the surfaces [21]. 
2.6 Stick-Slip Phenomena 
Stick-slip motion is a commonly observed phenomenon in frictional studies. It 
results in sound generation (the sound of a cello string, unlubricated door noise), 
sensory perception (feeling texture), earthquakes and nonuniform flow of fluid [22]. 
It is very necessary to consider stick-slip phenomena to understand friction firmly.  
Stick-slip motion has two main steps to be fulfilled. The first step is the stick at 
which the element is motionless for the friction force resisting slip is larger than the 
elastic restoring force causing slip. In stick, both forces increase in reverse direction 
according to each other. At the time that elastic recovering force exceeds the friction 
force, the slip comes about. Elastic recovering force is dissipated through slip thus 
relative motion first slows then stops. This means that the stick-slip cycle is 
completed and second cycle is ready to start with friction force that it once and again 
exceeds the elastic recovering force [23].  
Stick-slip is not a simple process. It still needs to be observed profoundly to make all 
details clear. Motion is both parallel and normal to the sliding direction at slip period. 
Kinetic friction exhibits hysteresis during sliding due to first accelerating then 
decelerating [23]. 
As stick period starts, a very quick elastic deformation takes place between rubbing 
surfaces. Due to this deformation, contact area increases at once. Then, true contact 
area keeps increasing but at a slower rate that corresponds to viscoelastic 
deformation. Asperity deformation between rubbing surfaces causes surfaces to 
move closer to each other. When stick sustains longer then creep motion takes place. 
During creep motion the contact area between surfaces keeps almost constant. As 
elastic recovering force becomes larger than static friction force stick period comes 
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to end. At the end of period the true contact area of rubbing surfaces gets maximum 
value and the surfaces come to the closest position according to each other. 
Slip period begins soon after stick period completes. At the beginning of the slip, the 
stress is set free between asperities. An abrupt reduction occurs in contact area as 
rubbing parts move. Thus, the friction coefficient decreases suddenly. During slip 
process, the contact area keeps getting smaller. This decrease in contact area leads to 
viscoelastic recovery. There are two kinds of discontinuity during the stick-slip 
process; these cases are illustrated in Fig.2.2. 
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Figure: 2.2 Real/Nominal contact area for stick-slip cycles, adapted from [23]. 
The first discontinuity develops at the beginning of slip when a sudden decrease 
occurs in contact area. This case stems from the elastic recovery of deformed 
asperities. The second discontinuity develops at the beginning of stick when a sudden 
increase occurs in contact area. This case stems from the elastic deformation of 
contacting asperities. As seen in Fig. 2.2 the time scales are different for stick, longer 
one, and slip, shorter one [23]. 
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3. FRICTION IN TEXTILES 
3.1 Introduction 
Friction phenomenon is very important for textile fabrics in terms of both technology 
and subjective assessment [6]. The classical laws of friction are valid for only metals 
or metal-like materials. Nevertheless, they are not the valid case for viscoelastic 
materials. Friction in viscoelastic materials especially in textiles is much 
complicated.  
Fabric friction is dominated by yarn friction and fabric structure. Similarly, yarn 
friction is dominated by fiber friction and yarn structure. Surface structure and 
mechanical properties are effective in fiber friction. Chemical and mechanical 
finishing processes are mainly effective in frictional properties of fibrous assemblies 
[13].  
3.2 Friction Behavior 
At contact points junctions develop and they are required to be sheared so that 
sliding can occur between surfaces. Thus the frictional force, F, is measured by the 
true area of contact, A, and the bulk specific shear strength of the junctions, S. 
                        (3.1) 
For plastically deformed materials, A is calculated by the ratio of normal force, N, 
and yield pressure of material,   . When A is substantiated with      in the friction 
equation frictional force is obtained as below: 
                                   (3.2) 
                        (3.3) 
where,   = the coefficient of friction which is a property of the material. 
However in viscoelastically deformed materials, natural and synthetic fibers, 
coefficient of friction,  , is not a material property but it is a function of the normal 
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force and the geometrical area of contact. The relation between normal force and 
coefficient of friction is that the higher the normal force the lower the coefficient of 
friction. Fiber size, surface smoothness and type of the contact (point, line or area) 
are also important factors that affect the coefficient of friction. There is a linear 
relation between friction force,    and normal force,  , for metals but not for 
polymers. Therefore, there are empirical equations suggested by researchers to 
explain the relation by assuming that the ploughing term is small and normal force is 
not extremely high. The simplest and most broadly accepted one is proposed by 
Bowden and Young showed below: 
                          (3.4) 
where,   and n are empirical constants and so   was found to have similar value with 
µ and value of n was assumed to be between 0.7-0.9.  
3.3. Factors Effective on The Values of The Frictional Force 
3.3.1 Normal force 
With the materials apart from plastically deformed ones, an increase in N causes a 
decrease in   [3]. 
3.3.2 Mechanical behavior of junctions 
Mechanical behavior of junctions composed of three main factors that are bulk 
specific shear strength, S, the stiffness factor, K, and shape of the pressure area curve. 
S is assumed to depend on the chemical and physical nature of material. The 
parameters K and n determine the A, thus F and    [3]. 
3.3.3 Number of asperities 
Number of asperities is in direct proportion with both the number of points of 
contacts and the area, A. Thus increase in the number of asperities causes increase in 
the values of F and   [3]. 
3.3.4 Other factors 
Apart from above mentioned factors that affect friction, mode of contact (line, point 
or area), surface morphology (roughness or smoothness), environmental conditions 
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(relative humidity and temperature), and duration of contact also affect friction 
importantly. The mode of contact is in a relation with the number of contact points. 
Thus the larger the line and area the larger value of  . Environmental conditions can 
affect the S, K and n values of the material. Lastly, in terms of the time of loading, 
material properties could change because of the viscoelastic characteristic [3]. 
3.4 Fiber Friction 
The factors that affect fiber friction also affect the yarn and fabric friction. They 
comprise structure-property relationships and finishing and operational parameters 
regarding friction of textiles. Finishes are applied to fibers with the aim of modifying 
the surface properties of fibers. Changing the surface properties changes the friction 
properties of the fibers.  
Fiber bulk properties (fiber material, diameter, fineness, length, number of fibers, 
etc.); fiber structure (scales, crimp, roughness, shape of cross-section, molecular 
orientation, etc.); operational variables (normal load, speed of sliding, temperature, 
humidity, contact geometry, etc.); and lastly finishes (type, quantity, etc.) dominate 
the fiber-to-fiber friction and fiber-to-other surface friction [13]. 
3.4.1 Fiber structural parameters 
Amount of convolutions is a determiner in cotton fiber friction. However, in wool 
fiber friction types of scale pattern and the distribution of the scales are the 
determiner. The scales point from root to tip and protruding edges of scales cause 
surface roughness, thus they influence the friction and the against-scale coefficient 
value is quite higher than the with-scale.  
Gupta and El Mogahzi proposed that shape of cross-section, molecular orientation 
also affect the fiber friction. For example, circular cross-sectional fibers have higher 
coefficient of friction and that is because the lower the stiffness and resistance of 
compression the bigger the contact area so thus the friction comparing with non-
circular cross-sectional fiber [13]. 
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3.4.2 Fiber bulk parameters 
The relationship between fiber radius and coefficient of friction has been 
approximately calculated in terms of the adhesion theory of friction and of the 
pressure area relationships. This relationship is shown in equation 3.5. 
             
                      (3. 5) 
where    and    are the coefficients of friction of fibers,   and    are the radius of 
fibers and   is the friction index, shows that the bigger the radius of fiber the higher 
the coefficient of friction. Experimental findings also coincide with the theoretical 
approach [13]. 
3.4.3 Fiber materials 
Gupta investigated differences between polypropylene and acrylic coefficients of 
friction. Regarding  ,   and   parameters polypropylene has the higher value than 
acrylic has. These differences can be related to differences in chemical nature and 
physical structures of the polymers [3]. 
Experimental researches showed that wool fiber had the lowest friction of all fibers. 
Cotton and rayon fibers had different frictional behavior. While rayon fibers had 
stick-slip motion at low speeds, practically cotton fibers had no stick-slip motion 
unless wax was removed over the cotton fiber [13]. 
3.4.4 Variables of experimental setups 
3.4.4.1. Normal load 
For viscoelastic fibrous materials, fiber friction is decreased with increasing normal 
load. The coefficient of friction shows constancy merely at sufficiently high normal 
loads. Researchers such as Gralén, Röder, Bandyopadhyay, Hood and Merkel 
investigated the influence of normal load on fiber friction through various methods 
and explained that the higher the normal load the lower the friction of fiber [13]. 
3.4.4.2 Velocity 
Frictional speed is a dominant factor for stick-slip properties of fiber. According to 
the investigations, the stick-slip phenomenon occurs only at low speeds. The 
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magnitude of stick-slip gets smaller and then ends gradually with increasing speed of 
friction. Therefore, the magnitude and frequency of fluctuations of stick-slip rely on 
the sliding speed [13].  
3.4.4.3 Temperature 
The effects of the temperature on the friction alter according to the material of fiber, 
viscosity of fiber, and add-on of lubricant. For wool fiber, it is investigated that 
friction decreases with increasing temperature with a range of 20 to 90°C [13]. 
3.4.4.4 Humidity 
To find the humidity effect on the friction properties of fibers, investigations were 
made for different kinds of fiber such as rayon, nylon, jute, wool. The coefficient of 
friction of wool fibers against to wool felt was investigated under 65% R.H. 
conditions. It was noticed that the coefficients of friction were higher for wet fibers 
than dry ones with-scale and against-scale directions [13]. This can be related to fiber 
swelling [3].  
3.4.5 Effects of finishing treatments on fabric friction 
3.4.5.1 Lubricants 
Depending on the type of lubricants, viscosity of the lubricants, type of fibers 
applied, the lubricants generally cause the friction decrease.  
3.4.5.2 Softeners 
According to the investigations, silicone-based softeners and ester led fiber-to-fiber 
friction of cotton decrease [13].  
3.5 Yarn Friction 
Yarn friction depends on both surface characteristics and bulk properties of yarns. 
Fiber parameters, structural and bulk properties of yarn, operational parameters and 
finishes and treatments are main factors that affect the yarn friction. As being fiber 
parameters fiber surface roughness, fiber molecular orientation and fiber material 
affect the friction of yarn.  
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The effect of the spinning method on yarn friction is investigated for cotton, 
polyester and viscose rayon using ring, rotor and friction spun yarn by Hong and 
Jayaraman. They found that air-jet and friction spun yarns displayed higher friction 
than ring spun yarns while open-end spun yarns showed lower friction. However this 
result conflicted with the other findings, which stated that open-end spun yarns 
showed higher friction than ring spun yarns. 
According to Hong and Jayaraman an increase in yarn surface roughness causes a 
decrease in yarn friction but for a very rough yarn surface, the yarn friction leans to 
increase. Yarn unevenness causes friction force of yarn to increase. After Hong and 
Jayaraman applied mercerization to the ring and open-end cotton spun yarns the 
coefficient of friction of yarns was increased [13]. 
3.6 Fabric Friction 
3.6.1. Summary 
In friction process, the contact develops between two fibers or between a fiber and 
another surface whatever the material is, fabric with a complex structure or just a 
single fiber [3]. There are variable test methods to measure fabric friction, which 
have been represented in published literature [7, 8, 9, 13, 15, 24, 25, 26, 27, 28, 29, 
30]. They differ from each other according to the type and morphology of the 
contacting materials, the magnitude of the normal force, the speed of sliding and the 
mode of contact.  
There are three main modes of contacts such as the point, the line, and the area. The 
point contact occurs during carding, needle punching in the nonwoven, sewing in 
apparel manufacturing, etc. The line contact can occur for example during drafting 
for yarn formation. The area type of contact occurrence there should be significant 
geometrical areas such as clothing and skin [3]. Factors affecting the friction of 
fabrics are shown in Figure 3.1. 
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Figure 3.1: Factors affecting the fabric friction, adapted from [13]. 
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3.6.2 Fabric parameters affecting frictional properties of woven fabrics 
3.6.2.1 Pattern 
Thorndike and Varley studied the effect of pattern on fabric friction. They indicated 
that an increase in float was accompanied by a reduction in the coefficient of static 
friction [31]. In the same way with Thorndike and Varley, Car suggested that with 
increasing yarn float length, the coefficient of static friction decreased [11]. 
Ramkumar reported that the frictional resistance of fabrics decreases with increased 
loop length and this was attributed to reduced tightness. Secondly, he noted that the 
finer the yarns are the lower the frictional resistance occurs and this manner was 
explained with reduced contact area [32]. 
Jeddi examined the relations between fabric structure and frictional properties of 
woven fabrics [33], weft knitted fabrics [34] and warp knitted fabrics [35]. He 
developed a fabric structural asperity index to characterize the surface frictional 
parameters of woven fabrics. According to this index, he suggested that higher the 
number of the float threads in a repeat the lower values for frictional resistance [33].  
3.6.2.2 Yarn sett 
Ajayi studied on the influence of yarn sett on the frictional properties of fabrics. He 
reported that the increased yarn sett resulted in gradually increased fabric frictional 
resistance. He also observed yarn linear density, the higher the yarn linear density, 
the higher the frictional resistance and higher the surface roughness [12, 36].  
Jeddi examined the effect of yarn sett on woven fabric frictional properties. He found 
the increasing value of coefficient of friction with the increased yarn sett [33].  
Zurek informed that the number of stick-slip peaks correlated well with the yarn sett 
[10].  
3.6.3 Variables of experimental setups affecting frictional properties of woven 
fabrics 
3.6.3.1 Normal load 
Amonton’s laws are valid for metals, ice and other hard materials but not for textile 
fibers, yarns and fabrics, which means that the coefficient of friction is constant for 
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many materials, but is generally not constant for textiles. The geometric area of 
contact is predominant factor on frictional properties of textiles.  
Howell [37] developed the relationship between frictional force and normal force as 
shown in Equation 3.6. Thus, the frictional forces are no longer independent of the 
apparent area of contact. 
                         (3.6) 
where   is the frictional force,   is the normal force,   is a friction coefficient (equal 
to   just for  =1),   is the friction index. This empirical relationship is generally 
accepted by many researchers. The   values change according to the geometry of the 
asperities over the surfaces and the nature of the deformation the surface is exposed 
to.  
Wilson [6] investigated the influence of pressure on the dynamic friction of fabrics. 
With the results of the many experiments provided for a variety of fabrics, he 
presented that the mean frictional force, F, is connected to applied pressure, N, by the 
relationship as shown Equation 3.7.  
                                                              (3.7) 
where,   is the friction parameter, n is the friction index. This equation is in 
accordance with the adhesion theory of friction. Wilson represented that there is no 
linear relationship between the friction force and normal load in textiles however; he 
did not clarify the deviations from the relationship. 
Carr [11] reported that with increasing normal pressure the coefficient of friction and 
the number of stick-slip peaks decrease. Wilson’s model was used to correlate the 
frictional force and normal force data. Friction was observed as sensitive to low 
pressure at low pressures however at increased pressure values the coefficient of 
friction approached to a constant value. Thus, it was suggested that at high pressures 
friction was less sensitive to contact areas. In addition, the differences in coefficient 
of friction were observed as much greater at low pressures than at high pressures. 
The differences can be seen in Figure 3.2. 
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Figure 3.2 : Coefficient of static friction, 65%polyester/35% cotton, plain weave, 
102 g/m2, adapted from [11]. 
Gupta [4] used the most widely accepted experimental equation,       , 
illustrating as        , where   and   are the frictional constant and index, 
respectively. If   less than unity, apparent contact area, A, and frictional force, F, 
increase with decreasing normal force, N, and thus  the coefficient of friction,µ , 
increased with decreased N . The results were shown in Figure 3.3. 
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Figure 3.3: Effect of N on µ at various values of n, adapted from [4]. 
Ajayi [7] reported that the coefficient of friction diminishes with increasing normal 
pressure. This was related to surface smoothing and flattening of asperities. And he 
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agreed that there is no linear relationship between frictional resistance and normal 
pressure. Ajayi used the most accepted aforementioned empirical equation  
      , which was well suited for the relation between the frictional resistance 
and normal pressure. 
He also showed that, the amplitude of resistance and the values of difference 
between static and dynamic frictional forces, (Fs-Fd), increased with the increased 
normal pressure but the number of stick-slip peaks decreased [7]. 
Taylor and Pollet reported that at higher pressures the coefficient of friction would 
decrease [9]. 
3.6.3.2 Velocity  
Coulomb stated that the dynamic frictional force between dry solids does not depend 
on the velocity [5]. However recently, many researchers [6, 7, 38, 39, 40] found that 
the friction in fibrous materials, fibers and yarns, and fabrics depends on the velocity.  
Ajayi showed that, as the sliding speed increased, the number of peaks, the amplitude 
of stick-slip resistance, and the difference between static frictional force and dynamic 
frictional force all diminished. He suggested that an increase in the velocity results in 
a decrease in time of contact between the sliding members. This explains that textile 
fabrics in particular are viscoelastic and their frictional properties are time 
dependent. He also noted that with the increased size of the ribs, the velocity effect 
on the number of peaks decreased [7]. 
Taylor and Pollet examined the velocity-dependence of dynamic friction of the 
unloaded fabrics against the test surfaces. They reported that at the beginning, around 
1mm/s, there was a decrease in friction with increasing velocity and then a gradual 
increase in friction with increasing velocity towards a constant value [9].  
Ramkumar examined the effect of testing speeds on the frictional properties of 
needle-punched nonwoven substrates. He showed that as the sliding speed increases, 
frictional resistance increases [38].  
Herman and his colleagues aimed to understand the influence of sliding speeds on 
the frictional properties of cotton woven fabrics. They reported that the static friction 
increased gradually with increasing sliding speeds, but there was not any significant 
effect on the dynamic friction values [39]. 
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3.6.3.3 Sliding direction 
Zurek reported that the frictional resistance of fabric woven from filament yarns 
correlated well with the rubbing direction. He noted that greater values of frictional 
resistance to motion in the direction are perpendicular to the axes of yarns with 
greater crimp [10].  
Carr found that the sliding direction effect is slightly greater in the weft direction 
than in the warp direction though the effect of fabric orientation was suggested to be 
negligible [11].  
3.6.3.4 Sled materials 
There are many kinds of sled materials, which were used in literature such as fabric, 
artificial leather, silicone, aluminium and rubber [7, 9, 10, 11, 30, 22, 39]. Taylor and 
Pollet compared the three different natures of the table surfaces affecting the 
coefficient of friction that the aluminium had the lowest, rubber had the highest and 
Formica had the intermediate value of the coefficient of the friction [9]. 
3.6.3.5 Traverse numbers 
Carr reported a significant decrease in the coefficient of static friction value when he 
repeated the tests on the same fabric, however, gradual decrease was observed in the 
coefficient of dynamic friction [11]. 
Ajayi reported that an increase in traverse numbers of the sled over the fabric surface 
caused a decrease in the magnitude of the coefficient of friction. These results were 
related to surface polishing [7]. 
However, Taylor and Pollet suggested an increase in friction value when they let no 
relaxation time between one test and the other, and this situation was attributed to an 
alignment effect that resulted in a gradual increase in contact area [9]. 
3.6.4 Friction measurement in fabrics 
Fabrics are the most used part of the textiles so the frictional behavior of the fabrics 
is very important. The frictional behavior of the fabrics can be both considered as 
fabric-to- fabric and fabric-to-other surface frictions and feel of a fabric.  
Different instruments have been set up for objective measure of fabric friction. These 
setups usually have probes that can assess friction of fabric. The assessment depends 
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on the geometry of fabric, such as fabric sett, spacing between cords, or ribs. 
Material of the fabric also affects the objective measure of fabric friction [3]. 
3.6.4.1 Inclined plane method 
A standard woolen fabric was coated on a sled mounted on an inclined plane which 
could be raised at an angle from horizontal position so the sled slides down it. 
Coefficient of fabric friction could be measured by the angle of inclination, however, 
this result could not be exact value of coefficient of friction. Advantage of this 
method is its being simple and cheap to fabricate, and the method and the equipment 
are well-known in the industry. The Shirley Fabric Friction Tester is a sample for 
inclined plane method shown in Figure 3.4 [13]. 
 
Figure 3.4: Shirley fabric friction tester, adapted from [24]. 
3.6.4.2 KES-F System 
The KES-F System was represented by the Hand Evaluation and Standardization of 
the Committee of the Textile Machinery Society, Japan, by the studies of Dr. S. 
Kawabata in 1975. The system was designed to primitively simulate human finger 
characterizing the surface roughness and the coefficient of friction of a fabric. U-
shape simulating human finger consisted of ten 0.5 mm diameter steel piano wires. It 
was pressed at a force of 50 g over a tightly drawn fabric. The fabric was traversed at 
a speed of 1 mm/sec. The landscape of the fabric was noted by the vertical 
movement of the probe as a function of the distance along the fabric. Mean deviation 
of the thickness was calculated, which gave the measure of the fabric roughness. The 
coefficient of friction was also measured.  
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The KES system involving fixed low forces and low speeds was considered as a 
suitable method for characterizing a component of the hand when the fabric is picked 
and stroked between fabrics [3]. It is shown in Figure 3.5 [25]. 
P=10 g
0.5 mm
Fabric is moving 
at 1 mm/s
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5 mm
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Figure 3.5 The KES-F System, adapted from [25, 26]. 
In order to determine the mean coefficient of friction, MIU, and the surface 
roughness of the fabric, SMD, The KES-FB4 is utilized. The KES-FB2 tester is used 
for measurements of the bending properties. Lastly, KES-FB3 is used for thickness 
and compression characteristics of fabrics [26]. 
In KES-F system six different kinds of properties are covered which are bending, 
surface, tensile, shearing, compression, thickness and weight and at least sixteen 
parameters are measured. The system has some disadvantages. One of them is that 
the selected parameters might overlap and comprise duplicate information causing 
complications and costs increase and especially the result interpretation becomes 
very difficult. The other disadvantage of the KES-F is its high price because of the 
sophisticated structure and functions. To make much more available and affordable 
system, CSIRO in Australia developed its own routine fabric measurement system 
called FAST (fabric assurance by simple testing). Although FAST system is simpler 
and much less expensive than KES-F, it is still very affordable for most textile 
laboratories [15].  
3.6.4.3 Horizontal platform method 
The most well-known method of fabric friction measurement is consists of tensile 
measurement instruments and a slide moving over a horizontal platform with 
rectilinear direction [3,13]. Ajayi and his colleagues worked with this system to 
observe many fabrics in different type and physical properties such as woven, knitted 
and nonwoven fabrics. Instron tensile tester was utilized for the friction instrument. 
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An aluminum plate with 52x15 cm was chosen as horizontal platform. As a probe, a 
light wooden sled with 8x5 cm and weighing 25 g (lighter sled was preferred to keep 
compaction, compression and polishing of surface at a minimum level) was pulled at 
a constant speed of 5cm/min over the platform through an inextensible towing yarn 
which passed over a frictionless pulley, showed in Fig. 3.6. Both the chart speed (5 
cm/min) and full scale deflection (50-200 g) were set to attain the maximum 
sensitivity and reproducibility in results. 30x10 cm, rectangular specimen of a fabric 
was mounted on the horizontal platform.  
A sled covered with an identical fabric was pulled over the platform. The fabric on 
the platform was flatted by hand and held under a slight tension. The fabric specimen 
on the sled tensioned slightly and it was fastened with double sided tape.  
Warp on warp and weft on weft orientation motions were applied. Fresh samples 
were recommended for each different test and each fabric specimen was tested five 
times [3,7].  
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Figure 3.6: Schematic of a device for fabric friction measurement on a flat  
     horizontal platform: 1= Instron loadcell, 2= Frictionless pulley,  
   3=Fabric specimen, 4=Horizontal platform, 5= Sled, 6=Connection  
     to bottom jaw. 
The coefficient of friction was deduced from frictional-force trace. Static frictional 
resistance assumed as the highest peak at the beginning of the motion and dynamic 
frictional resistance was taken as the mean of peaks. He reported that the dynamic 
frictional resistance could be equivalent to drawing a straight line through the middle 
of the stick slip pulses.  
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The coefficient of friction, µ, is calculated according to the simple linear relation 
between the frictional resistance F and the normal load N. The amplitude of frictional 
resistance assumed as the height of the stick-slip pulses apart from first peak. He 
reported that their experimental data fitted vey well into a relation of form      .  
Three sled types different in nature were used. Perspex sled had the lowest value of 
the coefficient of friction. Rubber sled resulted in higher coefficient of friction values 
than fabric sled did, but not always. For example; normal pressure was 0.47mN/mm
2
, 
velocity was 0.83 mm/s, the coefficients of friction for Perspex, fabric and rubber 
sleds were 0.19, 0.74 and 0.88, respectively [7].  
3.6.4.4 The other developed test apparatuses for fabric surface friction 
Different test apparatus have been developed for fabric surface friction. One of them 
is developed by Apurba Das and his colleagues. The instrument is designed for 
measuring fabric-to-fabric and fabric-to-metal friction and surface roughness of the 
fabric. The instrument has three measuring devices as loadcell, a Linear Differential 
Transformer (LVDT) and an encoder. The frictional pull on the upper surface is 
measured by loadcell. Roughness is measured by the LVDT and lastly the distance 
travelled and the speed of the plate on which the fabric is mounted measured by 
encoder.  
The fabric is maintained under different tensions and without any creases. Friction 
surface is connected to a loadcell by a linking arm. For measuring the surface 
roughness a very fine probe is used. As the fabric is moved the probe makes a 
movement on the vertical plane. This movement is taken as a measure of the surface 
roughness of the fabric [8]. 
J.Y. Hu and his colleagues designed a test apparatus for evaluating the thermal-
mechanical properties of polymeric fabrics. They aimed to predict the sensations of 
fabric skin touch under non-sweating conditions like smoothness, softness, 
prickliness, warmth and dampness [27]. 
Ramkumar and his colleagues studied on hand quality characteristics of nonwoven 
fabrics with a simple friction-based hand evaluation method. The method is very 
similar with the method Ajayi worked with as mentioned before. Three different 
blends of light-weight polyester/cotton needle punched nonwoven fabrics were tested 
at different normal loads. The normal loads that were used range from 39.46 to 89.46 
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g at increments of 10 g. A standard friction sled with an area of 20 cm² was used. 
The speed of the moving sled is at a constant rate of 500 mm/min.  
Ramkumar and his partners then developed a polymeric artificial finger sledge which 
mimics human finger with the shape and the surface profile properties in order to 
evaluate the hand characteristics of fabrics [28]. 1x1 rib knitted cotton fabrics 
varying in loop length and yarn linear density were tested with polymeric artificial 
finger sledge. They utilized to-and-fro reciprocating sliding friction setup in order to 
measure frictional forces at different normal loads in both directions. 5.7 g and 35.7 g 
loads were applied as minimum and maximum, respectively, and normal loads were 
used at increments of 10 g. The setup is shown in Figure 3.7. 
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Figure 3.7: Reciprocating sliding friction setup: A: Inextensible thread, 
       B: Frictionless pulley, C: Artificial finger sledge, D: Fabric, 
       E: Platform, F: Base, G: Frictionless pulley, H: Dead weight, 
       adapted from [32]. 
Jong-Jun Kim used three different methods for measuring the surface frictional 
properties of six different softener treated fabrics. Two of the evaluations were 
quantitative and based on the Kawabata Evaluation System (KES) surface testing 
process using the standard, steel piano wire surface probe and a novel fabric-on-
fabric probe. The third evaluation was supplied by a human panel.  
The fabric-on-fabric probe consisted of a flat 12 mm diameter aluminum disc with a 
round sample of 24 mm diameter fabric to be tested and stuck to the disc by two 
sided adhesive tape. Four different warp orientations between the sample and probe 
fabrics were tested in order to see the relative direction of motion with the highest 
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understanding. The orientations were warp-over-warp, warp-over-fill, warp 45° and 
lastly warp-along-warp. With fabric-on-fabric probe technique Kim presented an 
improved discriminative approach compared to the standard KES friction probe and 
human panel [29]. 
Taylor and Pollet (1999) studied on friction between knitted and woven apparel 
fabrics with three engineering surfaces (aluminium, Formica, and rubber) at zero or 
low normal forces. Surface roughness, the number of traverses, the normal pressure, 
and the sliding velocity effects on friction were observed. Test instrument consisted 
of one axis of an X-Y table, supplying the shearing movement between the fabric 
sample and the table, and a static ring dynamometer, which noted the pulling force. 
The coefficient of friction was deduced from frictional-force trace, shown in Figure 
3.8, through simple linear relationship,     , between the frictional force, F, and 
the normal force, N.  
 
Figure 3.8: Apparatus for fabric friction measurement, adapted from [5]. 
Surface roughness was calculated in accordance with the KES-FB4 test. They used 
logarithmic relationship, shown in Equation 3.8 between frictional force and normal 
load, which was developed by Wilson [6], in accordance with the adhesion theory of 
Bowden and Tabor.  
     
                     (3.8) 
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where,    is the frictional force, C is frictional parameter and n is frictional index. 
When n is equal to one then C only gets equal to friction coefficient of the classical 
linear friction law,  .  
To see the velocity effect Pollet [5] adopted the following empirical Equation 3.9 for 
linear sliding of fabrics across a surface, the equation which was first adopted by 
Hanson and Tabor for describing the velocity effect in yarns. 
        
    
 
 
 
                      (3.9) 
where,   is the velocity of sliding,   is the length of the sample (in the sliding 
direction),   is the viscosity of lubricant (air) and     and   are a material parameter 
and an expression for the nature of sliding, respectively.  
Bertaux and Lewandowski investigated the relationship between friction and tactile 
properties of knitted and woven fabrics through subjective and objective tests. For 
objective tests two instruments such as Textile Friction Analyzer and Kawabata 
Evaluation System were utilized. Subjective tests were made such as the prickle tests 
and touch assessment with thumbs. There are two kinds of friction measurement 
devices for Textile Friction Analyzer (TFA), sliding and rotating. Sliding type 
showed in Figure 3.9 was utilized in their study [30]. 
Sensor
Textile
Normal load
Lorica ® Soft
Movement of support
 
Figure 3.9: Sliding type of Textile Friction Analyzer, adapted from [30] 
An artificial leather material (Lorica
®
 Soft) was used to simulate the frictional 
properties of dry human skin in contact with textile materials. The artificial leather 
consists of polyamide fleece coated with polyurethane. Round contact area with 28.5 
32 
 
mm diameter was used. The sample fabric remained stationary but the sledge 
reciprocates with 650 cycles. The friction force was measured through a quartz force 
sensor (Kistler, Type 9203). Coefficient of friction was noted for each cycle and 
calculated according to       equation. For mean value of the friction 
coefficient, 50 initial values were calculated. Six friction tests were applied to each 
fabric and each time fresh samples were utilized for sample fabric and skin model. 
TekScan sensor map 5101 with a pressure range of 41.4 kPa was used to determine 
the dynamics and contact pressures as a person touches and rubs a fabric with 
fingers. Minimum, maximum and average pressures were measured between fingers 
and a fabric (blend of 91%polyamide and 9%polyurethane) placed on a pressure map 
as 1.5 kPa, 14.5 kPa and 5 kPa, respectively. A mean contact area of a thumb was 
observed as 2.5 cm
2 
for touch evaluations.  
Different mechanical properties of fabrics were measured with the testers of 
Kawabata Evaluation System, KES. They found a correlation between fabric 
frictions and subjectively perceived tactile properties for knitted fabrics but not for 
woven fabrics. In addition, they noted that there was a negative correlation between 
aforementioned two apparatus. This result was related to different testing conditions 
such as normal load, sliding velocity, contact area and material surfaces [30].  
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4. MECHANICAL PROPERTIES of FIBERS 
4. 1 Basic Definitions for Tensile Properties of Fibers 
Fibers are subjected to uniaxial tensile forces since they have a long and slender 
shape. Tensile stress, also referred to as normal stress or tension, is the applied force 
or load normalized to the original cross-sectional area,     . Tension is represented 
by letter of ζ [41]. Strain is the geometrical measure of deformation when the fiber is 
exposed to a tension along its axis [42]. When a fiber of initial length is    and the 
amount of extension is   , then the strain becomes      . The symbol ε is used for 
strain. Young’s modulus is the proportionality constant between stress and strain. It 
can be either called Young’s modulus or the initial modulus.   is used for Young’s 
modulus representation[41].  
Materials that deform very little when they are subjected to a stress, having high 
modulus often called stiff and materials that deform considerably when they are 
subjected to stress, having low modulus often called soft materials. Molecular 
arrangement and chemical structure determine the modulus behavior of natural fibers 
therefore of the wool fibers. The more molecular orientation along the fiber axis the 
more molecules bear the load so that a decreasing deformation takes place at a given 
stress [42]. Finally, at some stress wool fiber fails. A nonlinear region occurs prior to 
failure. This situation is expressive of the fact that the atoms are no longer strained 
within their elastic limit, atoms and sections of molecules start to move past one 
another. This deflection is called as plastic deformation which is unrecoverable. 
Plastic deformation causes the molecules to align along the stress direction. Failure, 
naturally, starts at a local point of weakness. The stress at failure point is named as 
strength. Strength divided by density is called specific strength, or tenacity [41]. 
Change of stress-strain curves are given for wool fibers in Figure 4.1 [43]. 
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Figure 4.1: Moisture effect at room temperature (left), temperature effect for wet 
 wool (right), adapted from [43]. 
The drier the wool becomes, the higher the yield stress occurs. As the temperature 
increases the stress decreases. 
4.2: Viscoelastic Nature of Fibers 
Properties of polymers, so the textile fibers, strongly depend on time and temperature 
when they are compared to metals. This clear dependence on time scale and 
temperature stems from viscoelastic properties of polymers. Viscoelastic materials 
behave similarly with both viscous liquids in which the rate of deformation is 
proportional to the applied load and purely elastic solids in which the deformation is 
proportional to applied load. All the work done in viscous systems dissipates as heat 
but the work done in elastic systems is stored as a potential energy as it occurs in a 
stretched spring [44].  
Rate of strain alters with the applied mechanical stress as the mobile sections of the 
macromolecules flow. This flow develops a back stress thus after applied stress is 
removed back stress leads a complete recovery. If the applied stress is not removed 
and stays indefinitely, the back stress keeps increasing until it equals the applied 
stress so that the net stress becomes zero and in due time the polymer ceases to creep 
[42]. 
Molecular reasons of creep and stress relaxation can be divided into 5 different 
classes. 
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1. Chain scission: Chain scission causes a decrease in modulus during stress 
relaxation but leads an increase in elongation during creep. The reduction in 
modulus can be depicted in Figure 4.2 as a model where three chains are 
bearing a load and and one is cut [45].  
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Figure 4.2: An example model for chain scission, adapted from [45]. 
2. Bond interchange: There is no degradation but chain portions changing 
partners result in release of stress. 
3. Viscous flow: Linear chains slip past another so that this causes viscous and 
elongation flow under stress. 
4. Thirion relaxation:This occurs in elastomeric networks as reversible 
relaxation of the physical cross links or tapped entanglements. An example 
for reversible motion of entangled chains is given in Figure 4.3. 
5. Molecular relaxation especially near   , glass transient temperature: The 
chains tend to relax during the experiment [45]. 
δ
Time
Point of reference
 
Figure 4.3: An example for reversible motion of entangled chains. The point of  
reference moves with time and when the stress is removed it turns 
back to near its original position by entropic forces, adapted from [45]. 
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The mechanical models can mimic the viscoelastic phenomena basically but are not 
adequate at high stress levels [41, 46]. Elastic and viscous materials are modeled 
with springs and dashpots, respectively. Viscoelastic materials are modeled with both 
springs and dashpots. In Maxwell model elements are in series and in Voigt-Kelvin 
model elements are in parallel as illustrated in Figure 4.4 [47]. In Maxwell model 
elements undergo the same load and in Voigt-Kelvin model elements experience the 
same extension. Differential equations obtained by Maxwell and Voigt-Kelvin 
viscoelastic models are written as Equation 3.10 and Equation 3.11 respectively. 
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Figure 4.4: Maxwell model (left) Voigt-Kelvin model (right), adapted from [47]. 
  
  
 
 
 
 
  
  
 
 
 
                   (3.10) 
       
  
  
                                                                                                 (3.11) 
where,   is the stress, E is the Young’s modulus,   is the viscosity, t is the time and e 
is the extension [46].  
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5. HUMAN TOUCH SENSATION 
5.1 Perception (Human Touch Sensation) 
Human touch sensation is a firm way to make a judgment about how a surface is felt. 
Through this judgment, people make their decisions for purchasing the textile 
products or not. Friction property of the skin is one of the main factors that affects 
the tactile perception [14]. The term tactile unit means principle afferent neuron and 
these neuron’s endings are essentially receptive to light skin deformations and 
generally are seen in the dermis. These tactile units are different from each other with 
functional properties such as sensitivity to static and dynamic stimulus, receptive 
field structures and sizes, and lastly their numbers and densities within the glabrous 
skin region [48]. Human skin has a complex mechanical behavior. The complexity 
stems from the non-linear stress-strain relationship, incompressible, inhomogeneous 
and anisotropic and behaving time dependent [49]. According to reference [18], 
epidermis layer of human skin behaves in a manner more rigidly elastic, while the 
dermis provides viscous, liquid basis. In literature, in order to evaluate the 
biomechanical properties of human skin, the Young’s modulus of the skin, E, is 
measured by different test methods such as tensile tests (in vitro), torsion tests (in 
vivo and in vitro), suction tests and indentation tests (in vivo). Thus different values 
of E is obtained by these methods, 4.46-20 MPa, 0.023-1.12 MPa, 0.05-0.15 MPa 
and 0.0125 Mpa, respectively [16-18].  
Finger tips and hairless palm parts of the human body are the most proper regions for 
tactile perception [50]. Human finger, which is the most sensitive tactile sensor 
known, can perceive texture by scanning surface roughness at a spatial resolution of 
40 µm over a contact-area of 1 square centimeter and at stress levels of 10–40 KPa 
[51]. Humans can detect particle size of a diameter between 180-710 µm through 
their tactile feelings with an accuracy ratio of over 90% [52]. 
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5.2 Specialized Mechanoreceptors 
There are four cutaneous mechanoreceptive afferent neuron types which innervate 
the glabrous skin of the palmar and finger tip parts. These four mechanoreceptors are 
named as Merkel cells, Meissner corpuscles, Pacinian corpuscles and Ruffini 
endings. These mechanoreceptors are classified into two groups according to their 
adaptation rate. Merkell cells (SA1) and Ruffini endings (SA2) are slowly adapting 
afferent types, Meissner corpuscles (FA1)and Pacinian  corpuscles (FA2) are fast 
adapting afferent types [50,53]. 
5.2.1 The structure and the location of the mechanoreceptors 
Figure 5.1 illustrates that Merkel cells and Meissner corpuscles are located in upper 
layers, Pacinian corpuscles and Ruffini endings are located in deeper layers. FA1, 
SA1, FA2, and SA2 constitute 43, 25, 13, and 19 respectively of the total number of 
17,000 tactile units in the glabrous skin area of one hand. The receptive field sizes 
are smaller for FA1 and SA1 than FA2 and SA2, 12.6 mm², 11.0 mm², 101 mm² and 
59 mm², respectively [48]. 
SAI:Sensitive to form and 
roughness. Responds to 
static stimulation. 
(2-16 Hz)  
SAII: Sensitive to skin stretch. 
Responds to static stimulation. 
(100-500 Hz)
FAII: Sensitive to high 
frequency vibration.        
(40-500 Hz)
FAI:Sensitive to 
flutter and slip on 
the skin.            
(3-40 Hz)
 
Figure 5.1: Structure and location of mechanoreceptors, adapted from [54]. 
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Figure 5.2-3 shows the density of FA1, SA1, FA2 and SA2 units.  For FA1 and SA1 
types there is an imposing aggregation of units in the distal half of the finger pads 
however in the rest of finger and palm regions there is only some. For type 2 units 
there is a lower density compared with the type 1 units and also units are innervated 
in the whole glabrous skin area nearly homogeneously. Each dot in the drawings of 
the hand symbolizes one receptive unit innervating the skin region [48].  
 
Figure 5.2: Average density of FA1 (left) SA1 (right), adapted from [48] 
 
Figure 5.3: Average density of FA2 (left) SA2 (right), adapted from [48] 
5.2.2 The functional futures of mechanoreceptors 
5.2.2.1 Merkel cells (SA1) 
These mechanoreceptors consist of two important response properties which are the 
sensitivity to edges, points and curvature and the spatial resolution. They can resolve 
spatial detail of 0.5mm which is smaller than their receptive field diameter. 
Therefore, indeed, the form and texture are perceived by SA1 afferents. SA1 units 
are at the lowest estimate ten times more sensitive to dynamic stimuli than to static 
stimuli thus movement is absolutely necessary for touch as light is for color 
perception [53]. SA1 afferents are easily excited in the range of 2 Hz to 16 Hz [55]. 
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5.2.2.2 Meissner corpuscles (FA1) 
FA1 afferents density is even more than SA1 afferents at the finger tip. Whereas they 
are insensitive to static skin deformation and very low-frequency vibration, they are 
very sensitive to dynamic skin deformation about 4 times more than SA1 afferents. 
They have poor spatial resolution detail dissimilar to SA1 afferents because of 
responding to stimuli over their whole receptive fields with comparative uniformity. 
In terms of this wide and uniform sensitivity, FA1 afferents are responsible for 
detecting the sudden forces such as slip acting on objects held in the hand [53]. FA1 
afferents react from nearly 3 Hz to 40 Hz [55]. 
5.2.2.3 Pacinian corpuscles (FA2) 
FA2 afferents have 2 noticeable receptive properties which are; very great sensitivity 
for instance 10 nm skin motion or less at 200 Hz, intense filtering of low frequency 
stimuli [53]. They react in a large range of frequencies such as from 40 Hz to 500 Hz 
[55]. Psychophysical and neurophysiological observations illustrate that as a 
consequence of these properties, PC afferents have perception of distant events 
through transmitted vibrations during as a subject is hold in the hand [53].  
5.2.2.4 Ruffini endings  
SA2 afferents innervate the skin less densely than SA1 and FA1 afferents as can be 
compared in Figures 5.2 and 5.3. SA2 afferents are excited between 100 Hz and 500 
Hz [55]. In terms of the combined psychophysical and neurophysiological 
observations SA2 afferents have 2 important properties which are perception of the 
direction of object motion or force producing skin stretch and perception of hand 
shape and finger position by the means of the pattern of skin [53]. 
5.2.3 The effect of finger selection, rubbing direction  
People generally use their thumb or index finger in order to understand texture by 
scanning their finger over the surface of fabric. Preceding research explains that why 
people prefer these fingers to discern the texture. 
The tactile units are highly innervated at these fingers especially in the distal half of 
the finger pads. Seung-Woo Son [50] have analyzed the effects of the rubbing 
direction should be designed to stimulate the finger moving up and down, which 
have the ability of good perception.  
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6. EXPERIMENTAL METHODOLOGY 
Experimental methodology can be separated into two main groups. The first group is 
fabric design and the second group is experimental setup design and test method 
principle.  
6.1 Fabric Design 
Fourteen worsted woven fabrics for suiting were developed for observing the effects 
of fabric parameters on the friction and these fabrics are commercially available. The 
fabrics were woven as four different patterns which are 1/1 plain, 2/1 twill, 5/1 satin 
and 1/5 sateen. Physical parameters of fabrics, which are fabric weight, fabric 
thickness, cover factor, yarn sett, yarn counts and yarn twists were measured in 
Textile Physical Testing Laboratory at Istanbul Technical University. Additionally, 
air permeability of fabrics was tested at Ege University.  
6.1.1 Basics of textile fabric structure 
Textile fabrics consist of two distinct sets of yarns, called the warp yarn and weft 
yarn. The warp yarns place lengthways on the piece of fabric, and the weft yarns 
place across from side to side of fabric. Warp yarn and weft yarn is shown in Figure 
6.1 as lilac and green, respectively. 
Weave types are often designated as a fraction, such as 2/1, in which the numerator 
indicates that two warp yarns cross every one weft yarn. Schematic diagram of plain, 
2/1 twill, 5/1 satin and 1/5 sateen weave fabrics used in this study are illustrated in 
Figure 6.1 and explained below. 
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Figure 6.1: The schematic diagram of 1/1 plain, 2/1 twill, 5/1 satin 
and 1/5 sateen weave fabrics, showing the yarn sett. 
 Plain weave is a basic style of weave in which each weft yarn crosses the 
warp yarns by going over one, then under the next, and so on. The next weft 
yarn goes under the warp yarns that its neighbor went over, and vice versa. 
 In twill weave, each weft yarn floats across the warp yarns forming a distinct 
diagonal line. A float is the portion of a yarn that goes over two or more yarns 
from the opposite direction. 
 5/1 satin is characterized by five warp yarns floating over one weft yarn. 1/5 
sateen is characterized by five weft yarns floating over one warp yarn. 
Yarn count is a numerical expression which defines its fineness. It can be either the 
mass per unit length or the length per unit mass of yarn. Mass per unit length can 
also be called as yarn linear density. There are two kinds of systems of yarn 
numbering such as direct and indirect. In a direct yarn counting system, the yarn 
number is a weight of a unit length. In an indirect counting system, the yarn number 
is a length of a unit mass [56]. Wool yarn count is expressed generally in metric 
count (Nm) which is an indirect yarn counting system.  
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Yarn counts are often designated as a fraction, such as Nm 76/2, in which the 
numerator indicates that the yarn consists of two single yarns and one gram of yarn 
mass measures 76 meter in length. In conclusion, the higher the number of yarn is the 
finer the yarn is. 
All fabrics used in this study are composed of 100% wool yarns obtained by worsted 
yarn spinning. Worsted yarns are very uniform, have high elongation and tenacity, 
and a low degree of hairiness. Typical products from worsted yarns are high quality 
woven fabrics. 
Twist is the measure of the turns around the yarn axis and holds the constituent fibers 
or yarns together. Amount of twist is expressed by the number of turns of twist per 
unit length [56]. 
Weft density is the number of weft yarns per one cm length of fabric and warp 
density is the number of warp yarns per one cm length of fabric. 
To understand the cover factor an example for yarn sett in a plain weave repeat is 
shown in Figure 6.2. 
d1
p1
d2
p2
 
Figure 6.2: A representative cover factor diagram for 1/1 plain weaves. 
The cover factor calculation is written in Equation 6.1-6.3. 
                            (6.1) 
                                                                                                                      (6.2) 
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                               (6.3) 
The sample fabrics were designed and developed according to fabric parameters 
being importantly influential on frictional properties of fabrics. These parameters can 
be classified into three main groups such as weft density, weft yarn linear density and 
pattern and shown in Figure 6.3. 
 
Figure 6.3: Details of fabrics used in the study. 
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6.1.2 Weft density  
In order to see the weft density effect on fabric friction, plain weave fabrics were 
developed in four different yarn sets. They were designed in four different weft 
density constructions but same warp density constructions (22/cm). Each fabric 
designed in this group with same yarn count (76/2 Nm), and fiber content (100% 
wool) but different weft densities as shown in Table 6.1.  
Table 6.1: Details of 1/1 plain weave fabric physical parameters for weft density 
      effect 
Fabric 
Weft 
yarn/cm 
Cover factor 
(%) 
Air permeability 
(l/m²/s) 
Fabric wt. 
(g/m²) 
Thickness 
(mm) 
1 18 76.3 1830 110.9 0.32 
2 20 77.4 1530 120.9 0.35 
3 22 78.6 1325 124.5 0.36 
4 24 79.5 1040 131.1 0.39 
6.1.3 Weft yarn linear density 
With the aim of observing the weft yarn linear density effect on the fabric friction 
two different sets of fabrics were developed as plain and twill weave. In plain weave 
group, each fabric has same weft and warp densities, 24 weft yarns per cm and 22 
warp yarns per cm, respectively and fiber content (100% wool) but different weft 
yarn linear densities as shown in Table 6.2. In a similar way with first group the 
second group, 2/1 twill weave fabrics,  has same weft and warp densities, 25 weft 
yarns per cm and 27 warp yarns per cm, respectively and fiber content (100% wool) 
but different linear density of weft yarn as shown in Table 6.3. Warp yarn count 
(76/2 Nm) was kept same for all fabrics. 
Table 6.2: Details of 1/1 plain weave fabric physical parameters for weft yarn linear 
      density effect. 
Fabric 
no. 
Weft count 
(Nm) 
Cover 
factor (%) 
Air permeability 
(l/m²/s) 
Fabric wt. 
(g/m²) 
Thickness 
(mm) 
5 66/2 71 835 140.5 0.41 
6 76/2 69 1060 133.3 0.39 
7 96/2 66 1480 115.2 0.35 
 
 
 
46 
 
Table 6.3: Details of 2/1 plain weave fabric physical parameters for weft yarn linear 
         density effect. 
Fabric no. 
Weft count 
(Nm) 
Cover 
factor (%) 
Air permeability 
(l/m²/s) 
Fabric wt. 
(g/m²) 
Thickness 
(mm) 
8 66/2 77 720 174.1 0.45 
9 76/2 75 930 164.3 0.42 
10 96/2 73 1240 145.2 0.38 
6.1.4 Pattern  
With the aim of investigating the pattern effect on fabric friction four main pattern 
types of fabrics, 1/1 plain, 2/1 twill, 5/1 satin and 1/5 sateen fabrics, were developed. 
The fabrics were developed on the same loom under the same conditions except from 
the pattern type. Weft yarn and warp yarn densities are 24/cm and 30/cm, 
respectively. Weft and warp yarn counts, 76/2 Nm, and content of the yarns, 100% 
wool, maintain same for all the fabrics. Table 6.4 shows the details of fabric physical 
parameters. 
Table 6.4: Details of fabric physical parameters for pattern effect 
Fabric no. Pattern 
Cover 
factor (%) 
Air permeability 
(l/m²/s) 
Fabric wt. 
(g/m²) 
Thickness
(mm) 
11 1/1 plain 77 689 156.1 0.44 
12 2/1 twill 77 680 172.2 0.46 
13 5/1 satin 77 1335 156.3 0.58 
14 1/5 sateen 77 1320 164.1 0.61 
6.2 Experimental Set Up Design 
6.2.1 Finger tip design 
In view of the aforementioned researches, much more realistic evaluation of the hand 
characteristics of fabrics necessitates developing an artificial finger tip presenting 
almost the same mechanical manners with a real one. Developing a finger tip with 
polymer is a preliminary but a fundamental way to acquire a surface profile and 
features similar to those of the human index finger. To learn how to make a finger tip 
perfectly, some help was taken from the department of dentistry at Corlu Soldiers’ 
Hospital. Finger tip was built in two main different steps. First step encompasses 
making the impression mould and the second step encompasses the process of a 
positive replica of the human index finger.  
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6.2.1.1 Developing impression mould  
First step involves making a negative of the right index finger. A dental alginate 
impression material was supplied. The alginate material was mixed with warm water 
till it got required viscosity and placed on a flat plate. Soon after mounting the 
alginate on the flat plate, the right index finger was pressed on the alginate material 
slowly and waited within 5 minutes then the finger was removed carefully not to 
disturb the mould. The procedure of the development of the impression mould is 
shown in Figure 6.4. The impression mould was designed and developed as forming 
only inner side of the index finger. In resent researches [28] the artificial finger was 
designed as whole tip of index finger; however a surface homogeneity problem 
occurs stemming from air pores during very rapidly polymer setting into enclosed 
mould. In our study this problem was eliminated by making an open mould thus a 
very rapid and uniform setting of the polymer into the mould became very easier. 
Making the mould in this way supplied another advantage for our experimental set-
up by making half weight tip. Lighter tip is preferable as it is mounted in load cell.  
1. Alginate material mixed with 
warm water
2. The right index finger pressed on the 
alginate material
3. Negative of the right index finger
 
Figure 6.4: Procedure of the impression mould development 
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6.2.1.2 Development of a positive replica of human right index finger 
Silicone based material (Zhermack) was mixed with its catalyst to get required 
viscosity on a mixing pad. Catalyst is for hardening. As the mixed material was 
ready in three minutes, then it was immediately mounted in to the alginate negative 
mould as shown in Figure 6.5. After waiting 10 minutes for solidification of silicone, 
the artificial finger was put out of the mould very carefully not to damage finger. 
After controlling the finger surface, it was stuck to tip of loadcell, which was utilized 
in friction setup, with silicone based fixer.  
Polysiloxane Catalyst
1. Mixing two materials on 
the pad
3. Sticking the finger tip on the 
loadcell tip
2. Mounting the mixed 
material  in the mould
 
Figure 6.5: Process of a positive replica of human right index finger. 
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6.2.2 Variables of experimental set up 
6.2.2.1 Trajectory plan 
Trajectory plan is one dimensional single line-one way contact. The fabric sample 
was pulled under the probe on one way and one direction. Direction of the motion of 
the probe is perpendicular to plate, holding the sample fabric, made of VeroWhite 
(polyamide based polymer) by 3D printer machine. The fabric whose frictional 
properties were to be measured was attached to the plate by double sided adhesive 
tape. The plate of 15x30x2 mm dimensions was designed so that it supplied the 
probe with required maximum travel length and exerted almost minimum possible 
bending moment, which is undesired, since the loadcells are adopted solely one axial 
force. The original loadcell tip was taken as a reference during designing the plate. 
The plate formed as a long thin rectangular shape with a short tip, which has screw 
pitch in inch scale, at the middle of the plate edge. Then plate was mounted into load 
point of the loadcell. 
Friction force was horizontal to the platform on which the sample fabric mounted. 
The horizontal movement was exerted at 15 mm of travel length, which means more 
than 5 repeats of the largest pattern of sample fabrics. Travels could develop with 
ultra-smooth motion with 100nm sensitivity. For perpendicular motion DC linear 
micromotor was used, which supplied travel range of 25 mm and maximum speed of 
2.5 mm with 100 nm sensitivity. Like perpendicular motion for horizontal motion 
DC linear micromotor was used, which provided travel up to 150 mm and allowed 
for linear speeds up to 40 mm/s [57]. 
6.2.2.2 Properties of finger tip 
Polymeric finger tip was developed to acquire a surface profile and features similar 
to those of the human index finger. To understand the mechanical behavior of finger 
tip, modulus of elasticity was measured by compression test in ROTAM laboratory at 
Istanbul Technical University. Experimental set-up for compression test is shown in 
Figure 6.6. 
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Figure 6.6: Experimental set-up for measurement of elastic modulus of polymeric  
           Finger tip. 
Experiments were repeated for 5 different parts of the same polymeric finger. Four 
different force levels were noted during 1mm, 2mm, 3mm and 4 mm of 
compressions. Modulus of elasticity ,(E), stress, (ζ), and strain, (ε) values of the 
material were calculated according to below Equation 6.5. 
  
 
 
 
    
     
                   (6.4) 
Where E is the Young's modulus (modulus of elasticity), F is the force applied to the 
object, A0 is the original cross-sectional area through which the force is applied, ΔL is 
the amount by which the length of the object changes, L0 is the original length of the 
object.  
Mean value of E is 828,610.00 Pa≈0.829 MPa with standard deviation of 0.0753 
MPa. Stress and strain curve is given in Figure 6.7. 
 
Figure 6.7: Stress-strain curve of the artificial finger tip. 
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In literature, modulus of elasticity values of human skin differentiates according to 
applied test methods, human ages, human and gender. The values of elastic modulus 
of human skin varies between 4.46  and  20 MPa for tensile tests, 0.023 and 1.12 
MPa for torsion tests, 0.05 and 0.15 for suction tests and 0.0125 for indentation tests 
[16-18]. 
If the elastic modulus of artificial finger tip is compared with the elastic modulus of 
human skin, it can be placed somewhere in the middle with the value of 0.829 MPa.  
Contact area occurring between the sliding sledge and tested fabric during friction 
tests is important to calculate exact friction values. The calculation of apparent 
contact area is very simple with the standard friction sledges for the dimensions of 
the sledges are known. However measurement and calculation of the apparent 
contact area with the artificial finger tip is quite difficult because of the specific 
shape of the finger tip which varies as the normal load varies.  
Ramkumar used inkpad impression method to calculate contact area between fabric 
and polymeric finger tip [28]. We used a similar way to calculate the contact area 
between finger tip and sample fabric at different normal loads.  
Firstly, the finger tip was immersed into a high viscous ink. The ink was smeared on 
the surface of the finger tip. A high viscous ink was chosen with the aim of obtaining 
more adhesion between the surfaces of ink and tip to prevent ink from dropping 
easily and rapidly. Then the tip with ink was pressed on a light colored sample fabric 
at different normal loads, which were used in succeeding friction tests. The ink left 
an impression on both fabric surface and slopes of the fabric ridges, because the 
specific shape of the finger tip could interact structurally with the fabric To be able to 
measure exact value of contact area tested fabric was stretched sufficiently. 
Approximate values of area of impressions were measured, and given in Table 6.5. 
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Table 6.5: Area of polymeric finger at different normal loads on Fabric 1 
Sample no. Normal load (mN) Area (mm²)       
1 50 9.0 
   
2 150 13.2 
   
3 250 16.0 
   
4 350 16.4 
   
5 450 16.8 
   6 500 17.0 
   7 520 17.1 
   8 550 17.2       
6.2.2.3 Normal load  
In this study 250 gf and 100 gf loadcells were utilized for normal load application 
and friction force, respectively. 
The normal loading was exerted almost constantly during the static friction and 
dynamic frictions fulfilled between the probe and the fabric. Normal loading velocity 
was constant and 2,5 mm/s.  
Researchers [6, 8, 9, 11, 30, 39, 54] utilized variety of normal loads ranging from 
0.2g to 3450g depending on the contact areas between the sliding sledge and the 
sample fabric in their studies. Range of normal load applicable by human being was 
measured on sample Fabric1 which was mounted on analytical balance by double-
sided adhesive tape. Depending on the gender, age and personal differences, the 
applied normal load ranged between 80 mN to 300 mN. Thus eight different load 
levels (50, 150, 250, 350, 450, 500, 520 and 550 mN) were chosen to study with to 
see the effect of minimum and maximum levels of normal applied load. All the 
experiments were exerted at a constant velocity, 1 mm/s, for each normal load. 
6.2.2.4 Velocity  
Different velocities were used by researchers ranging from 0.83 mm/s to 8.3 mm/s 
[3, 7, 8, 10, 39, 58]. This study was conducted at nine different velocities: 0.1, 0.5, 1, 
5, 9, 13, 17, 21 and 25 mm/s. All the experiments were exerted at a constant normal 
load, 150 mN, for each velocity. 
6.2.2.5 Number of replications 
Different experiment repeat times (from three to six) were used by other researchers 
[7, 8, 10, 32, 39]. In this study, experiments were repeated five times on each fabric 
53 
 
at each condition. Then the average values were employed. The experimental setup is 
depicted in Fig. 6.8.  
 Linear DC 
Micromotor for 
perpendicular 
motion
 Travel range: 25 
mm 
 Maximum speed: 
2.5 mm/s
Manuel stage 
with X,Y,Z axis
 Linear DC 
Micromotor for 
horizontal 
displacement
 Travel range: 150 mm 
Maximum speed: 40 
mm/s
Smart table with auto 
tune damping Silicon based 
artificial finger tip 
Polyamide based 
fabric holder, 1.05 g, 
mounted into 
loadcell.
Fabric 
specimen
 Loadcell to 
measure friction 
force
 Capacity: 100 g
 Loadcell to 
measure normal 
load 
 Capacity: 250 g
Metal based tip which 
connects fabric holder to  
loading tip of loadcell. 
 
Figure 6.8: Experimental setup 
Loadcells for normal load measurement and friction measurement were connected to 
a signal conditioner, because output signal level of loadcells is very low such as 1-2 
mVolt. After signal conditioner amplified the output signal, loadcells were connected 
to NI 6259 data acquisition card. This data card was inserted in a computer. The data 
was gathered through Labview program so that we could see the data both as online 
on computer screen and stored as excel file to use for succeeding aims. 
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7. RESULTS AND DISCUSSION  
7.1 Normal Load Effect 
Typical friction traces were obtained by MATLAB programming language in this 
study. The static and dynamic frictional resistance was concluded from the frictional 
trace analysis as several other investigators did [6, 7, 8, 9, 11, 30, 39, 54]. An 
example for a frictional trace is given in Figure 7.1. 
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Figure 7.1: A typical frictional trace on 1/1 plain weaves standard conditions:  
  applied normal load: 150 mN, velocity: 1 mm/s, coefficient of static 
  friction, µs:0.4670, coefficient of dynamic friction, µd:0.4657. 
7.1.1 Measurement of static frictional force 
The highest pick at the beginning of the motion was taken as the static frictional 
force from the friction force-time curve.  
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The coefficient of friction   was based on the simple linear relation between the 
frictional force and the applied normal load [3, 4, 7, 11, 35] Coefficient of static 
friction was calculated according to Equation 7.1. 
   
  
 
                    (7.1) 
where,    is coefficient of static friction,    is static frictional force and   is applied 
normal load. 
7.1.2 Measurement of dynamic frictional force 
Except the static frictional force, the mean values of data during the motion were 
taken as the dynamic frictional force from the friction force-time curve.  
Coefficient of dynamic friction was calculated according to Equation 7.2. 
   
  
 
                    (7.2) 
where,    is coefficient of dynamic friction,    is dynamic frictional force and   
applied normal load.  
In order to see the normal load effect on friction, researchers [6, 8, 9, 11, 30, 39, 54] 
utilized variety of normal loads ranging from 0.2g to 3450g depending on conditions 
of test apparatus in their studies. In this study, friction measurements were conducted 
at eight different loads (50, 150, 250, 350, 450, 500, 520 and 550 mN). 250 g and 
100 g loadcells were utilized for normal load and friction forces, respectively. Mean 
friction coefficient values and standard deviation values were calculated for Fabric 1, 
11, 12, 13 and14 and showed in Table 7.1-Table 7.5.  
Fabric 1 is 1/1 plain weave with 18 weft ends/cm and 22 warp ends/cm, Fabric 11, 
12, 13,14 are 1/1 plain, 2/1 twill, 5/1 satin and 1/5 sateen weave, respectively, with 
24 weft ands/cm and 30 warp ends/cm. All the five fabrics are constructed with the 
same weft and warp yarns which are 100% wool and 76/2 Nm. 
All the experiments were exerted at a constant velocity, 1 mm/s, on warp direction 
for each normal load. 
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Table 7.1: Mean friction coefficient and standard deviation at velocity of 1 mm/s for  
      Fabric 1 
Normal load (mN) Mean friction coefficient Standard deviation 
 50 0.5104 0.0047 
150 0.4422 0.0037 
250 0.4134 0.0069 
350 0.3913 0.0071 
450 0.3845 0.0007 
500 0.3811 0.0013 
520 0.3816 0.0004 
550 0.3847 0.0021 
Table 7.2: Mean friction coefficient and standard deviation at velocity of 1 mm/s for  
      Fabric 11 
Normal load (mN) Mean friction coefficient Standard deviation 
  50 0.5265 0.0013 
150 0.4649 0.0001 
250 0.4242 0.0007 
350 0.4124 0.0021 
450 0.4016 0.0033 
500 0.403 0.0039 
520 0.4074 0.0013 
550 0.4097 0.0022 
Table 7.3: Mean friction coefficient and standard deviation at velocity of 1 mm/s for  
      Fabric 12 
Normal load (mN) Mean friction coefficient Standard deviation 
 50 0.4998 0.0013 
150 0.4305 0.0036 
250 0.4187 0.0008 
350 0.4175 0.0006 
450 0.4092 0.0009 
500 0.4067 0.0006 
520 0.4012 0.0019 
550 0.3939 0.0004 
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Table 7.4: Mean friction coefficient and standard deviation at velocity of 1 mm/s for 
      Fabric 13 
Normal load (mN) Mean friction coefficient Standard deviation 
 50 0.4658 0.0118 
150 0.4235 0.0025 
250 0.4018 0.0053 
350 0.4019 0.0031 
450 0.3962 0.0022 
500 0.3882 0.0013 
520 0.3871 0.0024 
550 0.3939 0.0013 
Table 7.5: Mean friction coefficient and standard deviation at velocity of 1 mm/s for 
       Fabric 14 
Normal load (mN) Mean friction coefficient Standard deviation 
 50 0.5245 0.0032 
150 0.509 0.0025 
250 0.4913 0.0029 
350 0.4848 0.0004 
450 0.4728 0.0007 
500 0.4672 0.0016 
520 0.4675 0.0007 
550 0.4659 0.0046 
The value of coefficient of friction was decreased with the increased normal load. 
This is in accord with several other studies [4, 7, 8, 9, 11, 30, 58]. With the increase 
in the normal pressure, surface fibers bended towards the fiber bulk and lateral 
compression occurred at the yarns thus threads were flattened and the surface 
became more regular. Friction was sensitive to pressure at low pressures; however at 
high pressures the coefficient of friction approached a constant value. It is clear that 
at high pressures friction is much less sensitive to contact areas. The friction 
coefficient values are illustrated according to different normal loads for sample 
fabrics in Figure 7.2. 
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Figure 7.2: Normal load effect on the coefficient of friction 
Two-way analysis of variance (ANOVA) helps identify the significance of the 
differences between fabrics by using MINITAB Statistical Software Program. A two-
way analysis of variance tests the equality of population means when classification 
of treatments is by two factors. In our study, these factors are pattern and normal 
load. The results are summarized in Table 7.6.  
Table 7.6: ANOVA analysis results 
Source   DF  Seq SS Adj SS  Adj MS  F P 
Pattern   3 0.1441 0.1441 0.04803 5622.44 0.000 
Normal load  7 0.1339 0.1339 0.01914 2240.48 0.000 
Pattern*Normal load 21 0.0142 0.0142 0.00067     79.37 0.000 
Error 128 0.0010 0.0010 0.00001 
  Total   159 0.2934 
    
We can formulate the H0 (zero hypothesis) and H1 (alternative hypothesis) 
hypotheses as below: 
H0 = PatternPlain = PatternTwill = PatternSatin = PatternSateen 
H1 = At least one of pattern type effects on coefficient of friction is not equal. 
Since the P value for Pattern raw is 0.000 and F value for Pattern raw is higher than 
the limit critical table value (5622.44 > 2.61) there is enough evidence to conclude 
that at least one of the pattern types has a significantly different coefficient of friction 
than the others. 
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H0 = Normal load50 mN = Normal load150 mN = Normal load250 mN = Normal load350 mN 
= Normal load450 mN = Normal load500 mN = Normal load520 mN = Normal load550 mN 
H1= At least one of normal load level effects on coefficient of friction is not equal. 
Since the P value for Normal load raw is 0.000 and F value for Normal load raw is 
higher than the limit critical table value (2240.48 > 2.01) there is enough evidence to 
conclude that at least one of the pattern types has a significantly different coefficient 
of friction than the others. 
Finally we can formulate the H0 (zero hypothesis) and H1 (alternative hypothesis) 
hypotheses for the interaction between the pattern and normal load factors as below: 
H0: There is no difference between the friction coefficients of different pattern types 
associated with different normal load levels. 
H1: There is a difference between the friction coefficients of different pattern types 
associated with different normal load levels. 
Since the P value for Patten*Normal load interaction raw is 0.000 and F value for 
Patten*Normal load interaction raw is higher than the limit critical table value 
(79.37> 1.52) there is enough evidence to conclude that at least one of the normal 
load levels has a significantly different coefficient of friction than the others. 
In conclusion, both pattern and normal load factors are significantly influential on the 
coefficient of friction, moreover there is significant impact of Pattern *Normal load 
interaction on coefficient of friction.  
7.2 Velocity Effect:  
In order to see the sliding speed effect on friction, different velocities were used by 
researchers ranging from 0.83 mm/s to 8.3 mm/s [3, 7, 8, 10, 39, 58].  
In this study, friction measurements were conducted at a large range of the velocities 
(0.1, 0.5, 1, 5, 9, 13, 17, 21 and 25 mm/s) on Fabric 1 which is 1/1 plain weave with 
18 and 22 yarn densities, weft and warp respectively. Both yarns constructing the 
fabric are 100%wool and 76/2 Nm. All experiments were exerted at a constant 
normal load, 150 mN, on warp direction for each velocity. Mean friction coefficient 
and standard deviation values were calculated for Fabric 1 and shown in Table 7.7. 
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Table 7.7: Mean friction coefficient and standard deviation values for Fabric 1 
Velocity (mm/s) Mean coefficient of friction Standard deviation 
0.5 0.3283 0.0111 
1.0 0.3889 0.0026 
5.0 0.6147 0.0039 
9.0 0.6991 0.0082 
13.0 0.7615 0.0053 
17.0 0.7921 0.0101 
21.0 0.8028 0.0067 
25.0 0.8086 0.0069 
There is a diversity in the results of sliding speed effect on friction in former 
researches available [3, 5-10, 38-40, 58, 59]. Coulomb suggested that velocity was 
not influential on the dynamic frictional force [5]. More generally it was found that 
friction changed with velocity, it decreased initially to minimum value and then 
increased at higher velocities [59]. 
Taylor and Pollet stated that at low speeds, around 1mm/s, there was a decrease in 
friction with increasing velocity and then a gradual increase in friction with 
increasing velocity towards a constant value [9]. Ramkumar informed that coefficient 
of friction was increased with the increased velocity [38].  
In this study coefficient of friction showed an almost speed-independent behavior 
within limited velocities (0.1-0.5 mm/s). In the range of low velocities (0.5- 17 
mm/s), the value of coefficient of friction increased with the increased velocity. This 
result can be attributed to viscolelastic properties of fabrics. It can be said that the 
viscous resistance in the contact zone becomes higher with increasing velocity. At 
high velocity levels (21-25 mm/s), elastic behavior is prevalent so that coefficient of 
friction depends slightly on the velocity. Furthermore, at high velocity levels, contact 
time is short so that this leads a decrease in coefficient of friction [60]. The friction 
coefficient values are illustrated according to different velocities for Fabric1 in 
Figure 7.3 
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Figure 7.3: Velocity effect on the coefficient of friction 
7.3 Density Effect 
In order to investigate the weft yarn density effect on friction, Fabric 1, 2, 3 and 4 
with different weft densities, 18, 20, 22 and 24 weft yarns/cm, respectively, but with 
the same warp yarn density, 22 warp yarns/cm, were tested. Weft and warp yarn 
compositions and linear densities are 100% wool and 76/2 Nm, respectively. All 
experiments were exerted at constant normal load, 150 mN, and velocities, 1 and 5 
mm/s, on warp direction. Test results coincided with the other researchers’ results 
[12, 33, 36] that friction coefficients of fabrics were increased with the increased 
density. This result can be attributed to increased yarn intersections and cover factors 
and decreased air permeability with increased weft densities. The junction points 
make peaks over the fabric surface so that roughness of the surface increases. 
Number of yarn intersections and air permeability values related with weft densities 
are given in Table 7.8. The higher the cover factor is, the more increased contact area 
occurs. The cover factor is reversely related to air permeability, thus, the higher the 
air permeability, the lower the cover factor. 
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Table 7.8: Number of yarn intersections and air permeability values according to 
      different weft densities 
Fabric 
No. 
Weft 
yarns/cm 
Warp 
yarns/cm 
Number of yarn 
intersections/mm² 
Air permeability 
(l/m²/s) 
1 18 22 1.98 1830 
2 20 22 2.2 1530 
3 22 22 2.42 1325 
4 24 22 2.64 1040 
 
Figure 7.4: Weft yarn density effect on coefficient of friction 
7.4 Yarn Linear Density Effect 
In order to see the yarn linear density effect on friction coefficient two different sets 
of fabrics were used. First set consists of 1/1 plain weave fabrics. Fabric 5,6,7 are 
woven from different yarn counts, 66/2 Nm, 76/2 Nm and 96/2 Nm, respectively, but 
with same yarn densities, 24 weft ends/cm and 22 warp ends/cm and yarn 
composition, 100% wool.  Second set consists of  2/1 twill weave fabrics. Fabric 
8,9,10 are woven from different yarn counts, 66/2 Nm, 76/2 Nm and 96/2 Nm, 
respectively, but with same yarn densities, 25 weft ends/cm and 27 warp ends/cm 
and yarn composition, 100%wool. All fabrics from both sets were tested at constant 
normal load, 150 mN, and velocities, 1 and 5 mm/s, on warp direction. Mean friction 
coefficient and standard deviation values were calculated for all samples and showed 
in Table 7.9-Table 7.12 
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Table 7.9: Mean friction values for weft yarn linear density effect with the velocity 
       of 1 mm/s 
Fabric No. Mean coefficient of friction Standard deviation 
5 0.5256 0.0084 
6 0.4858 0.0045 
7 0.481 0.008 
Table 7.10: Mean friction values for weft yarn linear density effect with the velocity 
        of 5 mm/s 
Fabric No. Mean coefficient of friction Standard deviation 
5 0.7079 0.0051 
6 0.6948 0.0006 
7 0.6733 0.0071 
Table 7.11: Mean friction values for weft yarn linear density effect with the velocity 
        of 1 mm/s 
Fabric No. Mean coefficient of friction Standard deviation 
8 0.4512 0.0098 
9 0.4285 0.0074 
10 0.4094 0.0011 
Table 7.12: Mean friction values for weft yarn linear density effect with the velocity 
        of 5 mm/s 
Fabric No. Mean coefficient of friction Standard deviation 
8 0.6628 0.0124 
9 0.6365 0.0079 
10 0.6148 0.0021 
The value of coefficient of friction decreased with the decreased weft yarn linear 
density for both fabric sets. The result coincided with Ramkumar’s findings [32]. 
This result can be attributed to reduced contact area and roughness and increased air 
permeability with finer yarns. Finer yarn provides smaller contact area than thicker 
yarn when the numbers of yarns are same in unit area for both types of fabrics. 
Fabrics constructed with finer yarns present smoother surface than thicker yarns 
since intersection points of yarns are smaller, so the peaks, which cause roughness on 
surface, are lower and smaller. Increased air permeability with finer yarns provides 
less contact area between sliding surfaces than decreased air permeability with 
thicker yarns. The friction coefficient values are illustrated according to different 
weft yarn linear densities for 1/1 plain weave and 2/1 twill weave fabrics in Figure 
7.5 and Figure 7.6, respectively. 
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Figure 7.5: Weft yarn linear density effect on coefficient of friction of 1/1 plain  
  weaves fabrics 
 
Figure 7.6: Yarn fineness effect on coefficient of friction of 2/1 twill weave fabrics 
7.5 Pattern Effect 
In order to see the pattern affect on frictional properties of  fabrics, four main pattern 
types of fabrics, 1/1 plain, 2/1 twill, 5/1 satin and 1/5 sateen fabrics were developed. 
Except from the pattern type, some other parameters were sustained constant such as; 
yarn densities were 24 weft ands/cm and 30 warp ends/cm, yarn compositions were 
100% wool and yarn linear densities were 76/2 Nm for each fabric. All fabrics were 
tested at  constant normal load, 150 mN, and velocities, 1 and 5 mm/s, on both warp 
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and weft directions. Mean friction coefficient and standard deviation values were 
calculated for all samples and showed in Table 7.13-16. 
Table 7.13: Values of mean coefficient of friction and standard deviation at 1 mm/s 
        with warp yarn direction 
Fabric No. Mean coefficient of friction Standard deviation 
11 0.4666 0.0009 
12 0.4577 0.0002 
13 0.4476 0.0038 
14 0.5306 0.0026 
Table 7.14: Values of mean coefficient of friction and standard deviation at 1 mm/s 
        with weft yarn direction 
Fabric No. Mean coefficient of friction Standard deviation 
11 0.4705 0.0041 
12 0.5039 0.0053 
13 0.5329 0.0035 
14 0.4491 0.0031 
Table 7.15: Values of mean coefficient of friction and standard deviation at 5 mm/s 
         with warp yarn direction 
Fabric No. Mean coefficient of friction Standard deviation 
11 0.6563 0.0022 
12 0.6479 0.0011 
13 0.6377 0.0054 
14 0.7618 0.0024 
Table 7.16: Values of mean coefficient of friction and standard deviation at 5 mm/s 
          with weft yarn direction 
Fabric No. Mean coefficient of friction Standard deviation 
11 0.6693 0.0022 
12 0.7099 0.0041 
13 0.7672 0.0036 
14 0.6656 0.0028 
As several investigators [31-33] have reported a decrease in friction coefficient with 
an increase in float yarn length and float numbers per unit area that in this study the 
satin weave has the lowest friction resistance among plain and twill weaves. This 
result can be attributed to the higher the float yarn length and float numbers per unit 
area the higher surface smoothness. According to the test results, the direction of 
sliding is also very important on fabric friction for twill, satin and sateen weave 
fabrics, but not very important for plain weave fabric. Greater values of frictional 
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resistance to motion in the direction perpendicular to the axes of yarns occurred thus 
the value of frictional resistance increased for twill and satin weave fabrics in weft 
direction but for sateen weave fabric in warp direction. In plain weave, sliding 
direction effect is slightly greater in the weft direction than in the warp direction. The 
pattern effect on fabric friction with warp and weft directions at velocity of 1 mm/s 
and 5 mm/s is shown in Figure 7.7. and Figure 7.8. 
 
Figure 7.7: Pattern effect on coefficient of friction with warp and weft directions at 
           velocity of 1 mm/s 
 
Figure 7.8: Pattern effect on coefficient of friction with warp and weft directions at 
           velocity of 5 mm/s 
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7.6 Wilson’s Model 
Wilson investigated the effect of pressure on the dynamic friction between fabrics. 
He suggested that apparent contact area was important in fabric frictional 
characteristics and that Amonton’s second law failed for most of the fabrics. With 
the results of the many experiments provided for a variety of fabrics, he presented 
that the mean frictional force, F, was connected to applied normal load, N, by the 
relationship as shown Equation 7.1.  
                              (7.1) 
where,   is friction parameter, n is the friction index. This equation is in accordance 
with the adhesion theory of friction. Wilson represented that there was no linear 
relationship between the friction force and normal load in textiles. Plots of log F/A 
and log N/A showed a linear relationship. Therefore, Wilson was able to correlate the 
data using the relationship as shown in Equation 7.2. 
log F/A = log C + n log N/A                   (7.2) 
In this study, Wilson’s model has been used to correlate the data for density and 
pattern effect. Four different fabrics were tested for each effect. Eight different levels 
of normal loads (50, 150, 250, 350, 450, 500, 520 and 550 mN) were applied to the 
each fabric. The F values were calculated from the frictional traces obtained by 
MATLAB programming language. The contact areas between finger tip and fabrics 
were calculated for each level of normal loads. Then log N/A and log F/A were 
calculated for each normal load. All these results calculations are given for each 
fabric in Table 7.17-7.24. The experiments were exerted in warp direction at 1 mm/s. 
Table 7.17: Details of frictional forces used in Wilson model for Fabric 1 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
 50   6.948  9.0  5555   772 3.7446 2.8876 
150 21.304 13.2 11363 1614 4.0555 3.2079 
250 33.120 16.0 15620 2070 4.1937 3.3159 
350 47.150 16.4 21341 2875 4.3292 3.4586 
450 57.674 16.8 26785 3433 4.4279 3.5356 
500 62.390 17.0 29410 3670 4.4685 3.5646 
520 63.440 17.1 30400 3710 4.4829 3.5693 
550 63.898 17.2 31976 3715 4.5048 3.5699 
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Table 7.18: Details of frictional forces used in Wilson model for Fabric 2 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
 50    7.326   9.0   5555    814 3.7446 2.9106 
150 21.978 13.2 11363 1665 4.0555 3.2214 
250 33.776 16.0 15620 2111 4.1937 3.3244 
350 47.888 16.4 21341 2920 4.3292 3.4653 
450 58.346 16.8 26785 3473 4.4279 3.5407 
500 63.070 17.0 29410 3710 4.4685 3.5694 
520 63.862 17.1 30400 3735 4.4829 3.5723 
550 64.465 17.2 31976 3748 4.5048 3.5728 
Table 7.19: Details of frictional forces used in Wilson model for Fabric 3 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
 50    7.56 9.0  5555 840 3.7446 2.9243 
150 22.374 13.2 11363 1695 4.0555 3.2292 
250 34.240 16.0 15620 2140 4.1937 3.3304 
350 48.462 16.4 21341 2955 4.3292 3.4706 
450 58.800 16.8 26785 3500 4.4279 3.5441 
500 63.665 17.0 29410 3745 4.4685 3.5735 
520 64.296 17.1 30400 3760 4.4829 3.5752 
550 65.136 17.2 31976 3787 4.5048 3.5783 
Table 7.20: Details of frictional forces used in Wilson model for Fabric 4 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
 50 7.785   9.0  5555   865 3.7446 2.9371 
150 22.704 13.2 11363 1720 4.0555 3.2355 
250 34.641 16.0 15620 2165 4.1937 3.3355 
350 48.954 16.4 21341 2985 4.3292 3.4749 
450 59.422 16.8 26785 3537 4.4279 3.5486 
500 64.124 17.0 29410 3772 4.4685 3.5766 
520 64.963 17.1 30400 3799 4.4829 3.5797 
550 65.893 17.2 31976 3831 4.5048 3.5833 
Table 7.21: Details of frictional forces used in Wilson’s model for Fabric 11 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
  50   7.785  9.0   5555   865 3.7446 2.9370 
150 22.704 13.2 11363 1720 4.0555 3.2355 
250 34.640 16.0 15620 2165 4.1937 3.3354 
350 48.954 16.4 21341 2985 4.3292 3.4749 
450 59.422 16.8 26785 3537 4.4279 3.5486 
500 64.124 17.0 29410 3772 4.4685 3.5765 
520 71.033 17.1 30400 4154 4.4829 3.6185 
550 78.656 17.2 31976 4573 4.5048 3.6602 
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Table 7.22: Details of frictional forces used in Wilson model for Fabric 12 
N (m) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
50 7.425 9.0 5555 825 3.7446 2.9165 
150 22.176 13.2 11363 1680 4.0555 3.2253 
250 33.776 16.0 15620 2111 4.1937 3.3245 
350 48.265 16.4 21341 2943 4.3292 3.4688 
450 58.817 16.8 26785 3501 4.4279 3.5442 
500 63.444 17.0 29410 3732 4.4685 3.5719 
520 70.349 17.1 30400 4114 4.4829 3.6143 
550 77.933 17.2 31976 4531 4.5048 3.6562 
Table 7.23: Details of frictional forces used in Wilson model for Fabric 13 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
  50   7.209   9.0  5555   801 3.7446 2.9036 
150 21.674 13.2 11363 1642 4.0555 3.2153 
250 34.880 16.0 15620 2180 4.1937 3.3385 
350 44.395 16.4 21341 2707 4.3292 3.4325 
450 56.280 16.8 26785 3350 4.4279 3.5251 
500 62.900 17.0 29410 3700 4.4685 3.5682 
520 64.125 17.1 30400 3750 4.4829 3.5741 
550 67.768 17.2 31976 3940 4.5048 3.5955 
Table 7.24: Details of frictional forces used in Wilson model for Fabric 14 
N (mN) F (mN) A (mm²) N/A (N/m²) F/A (N/m²) LOG N/A LOG F/A 
 50  7.425  9.0  5555  825 3.7446 2.9165 
150 22.176 13.2 11363 1680 4.0555 3.2253 
250 33.776 16.0 15620 2111 4.1937 3.3245 
350 48.265 16.4 21341 2943 4.3292 3.4688 
450 58.817 16.8 26785 3501 4.4279 3.5442 
500 63.444 17.0 29410 3732 4.4685 3.5719 
520 70.349 17.1 30400 4114 4.4829 3.6143 
550 77.933 17.2 31976 4531 4.5048 3.6562 
A linear regression analysis was performed to each fabric by values of log N/A and 
log F/A. By means of regression analysis, we calculated the values of the friction 
parameter, C, and friction index, n, The results are given in Table 7.25. 
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Table 7.25: Experimental values of C and n 
 
C n 
Equation  
(log F/A = log C + n log N/A) 
R² 
Fabric 1 0.3170 0.9092 -0.4989+0.9092x 0.9951 
Fabric 2 0.4148 0.8839 -0.3822+0.8839x 0.9950 
Fabric 3 0.4742 0.8717 -0.3240+0.8717x 0.9953 
Fabric 4 0.5309 0.8616 -0.2750+0.8616x 0.9958 
Fabric 11 0.3294 0.9134 -0.4823+0.9134x 0.9955 
Fabric 12 0.2630 0.9344 -0.5801+0.9344x 0.9955 
Fabric 13 0.3491 0.9029 -0.4570+0.9029x 0.9915 
Fabric 14 0.3721 0.8942 -0.4293+0.8942x 0.9969 
In this study, the values of n ranged between 0.8616-0.9344. Researches in literature 
found different values of n [6, 7, 10]. This may be due to the different experimental 
materials and conditions. When n equals unit, C becomes coefficient of friction, µ, 
which is a material constant and Wilson’s model gets equal to simple frictional 
equation.  
When the coefficients of friction of different fabrics were compared with each other 
in Figure 7.9 and 7.10, fabrics have different value of log F/A at the same value of 
log N/A. Thus, a fabric has the higher value of log F/A then it has the higher value of 
coefficient of friction. In other words, it can be said that the highest lines in the 
figures correspond to the highest value of coefficient of friction. 
The values of R
2
, providing a measure of how well the data are likely to be predicted 
by the model, ranged from 0.9915 to 0.9969  
Relationship between log F/A and log N/A for Fabric 1, 2, 3, 4 is given in Figure 7.9. 
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Figure 7.9: Relationship between log F/A and log N/A for friction, Fabric 1, 2, 3, 4 
Fabric 1, 2, 3, 4 were constructed with the same parameters except from weft yarn 
densities. Fabric numbers were ranged according to the number of weft yarns per cm, 
the lowest number of fabric has the fewest number of weft yarns per cm. According 
to Figure 7.9, the relationship between log F/A and log N/A is almost linear. At low 
levels of normal load the differences of coefficient of friction between fabrics are 
large, however with the increased normal load, fabrics behave almost the same. Weft 
yarn density effect can be seen clearly at low levels of normal load. The red line, 
which represents the least dense Fabric1, follows the lowest level of coefficient of 
friction while blue one, which represents the densest Fabric 4, follows the highest 
level of coefficient of friction. 
Relationship between log F/A and log N/A for Fabric 11, 12, 13, 14 is given in Figure 
7.9. 
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Figure 7.10: Relationship between log F/A and log N/A for friction, 
Fabric 11, 12, 13, 14 
Fabric 11, 12, 13, 14 were constructed with the same parameters except from pattern 
type. Fabric 11, 12, 13 14 are 1/1 plain, 2/1 twill, 5/1 satin and 1/5 sateen weave 
fabrics, respectively. It is clear to say that 5/1 satin weave fabric has the lowest value 
of coefficient of friction among the plain weave and twill weave fabrics. The blue 
line, which represents the sateen weave fabric (Fabric14), follows a nonlinear path. It 
can be attributed to motion in the direction perpendicular to the axes for sateen 
weave. In warp yarn direction, sateen weave fabric has longer floating yarns, 
resisting the tip motion, than the other three fabrics have. 
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8. CONCLUSIONS 
Tactile property of a fabric is one of the leading purchase criteria for suiting fabrics 
due to their commercial significance. One important factor that affects this touch-
feel perception of woven fabrics is the friction that occurs between human skin and 
fabric. Therefore, as stated earlier we have designed an experimental setup to 
measure frictional properties of worsted woven fabrics.  
The setup enabled us to measure frictional properties of fabrics with a very high 
sensitivity and repeatability with a simple way. A polymeric artificial finger tip 
mimicking the shape and counter of a human finger, a polyamide based specific 
fabric holder providing a smooth and light platform during motion, DC micromotors 
having high-resolution position feedback and ensuring ultra-smooth motion with 100 
nm sensitivity [57] and loadcells with 100 g and 250 g capacity ranges [61] supplied 
the high sensitivity for the experimental setup. 
In this study, variables of experimental setup, proper vertical normal load, velocity of 
the fabric holder and fabric-probe contact area that could significantly influence the 
measurement of surface friction testing, were investigated. The effects of weft yarn 
density, weft yarn linear density and pattern on coefficient of friction were observed. 
8.1 Normal Load Effect 
Coefficient of friction changed significantly at low levels of normal load. Coefficient 
of friction decreased with increased normal loads but as normal load increased 
sufficiently the coefficient of friction approached a constant value. This was 
explained with that the fabric surface became more regular with increased normal 
load. The yarns were flattened and the fibers, leading asperities on the fabric surface, 
bent to yarn axis. Therefore, surface became smoother and the contact area between 
finger tip and fabric surface became smaller. 
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8.2 Velocity Effect 
At very low velocity levels, coefficient of friction changed slightly, at modest 
velocity levels coefficient of friction showed an increasing trend with increasing 
velocity and lastly, at high velocity levels, coefficient of friction changed slightly. 
This was attributed to viscoelastic properties of fabrics. With increasing velocity, 
viscous resistance in the contact area becomes prevalent. Conversely, at high levels 
of velocity, elastic behavior is prevalent so that coefficient of friction depends 
slightly on the velocity. Moreover at high levels of velocity it can be said that contact 
time between finger tip and fabric surface is short thus coefficient of friction 
becomes lower. 
8.3 Weft Yarn Density Effect 
Test results showed that with increasing weft yarn density, coefficient of friction 
increased. This is due to the decreased air permeability with increasing cover factor 
so the increased contact area. Moreover increased number of yarn intersections in 
unit area leads higher surface roughness. Thus, finger tip confronts more resisting 
points on the surface of the tested fabric. 
8.4 Weft Yarn Linear Density Effect 
The coefficient of friction decreased for fabrics made from finer yarns. This result 
was attributed to increased air permeability so to the decreased contact area. The 
peaks, stemming from yarn intersections on the fabric surface, became smaller and 
lower so that surface became smoother. 
8.5 Pattern Effect  
In warp yarn direction, 5/1 satin weave fabric had the lowest frictional resistance 
among 1/1 plain weave and 2/1 twill weave fabrics. Conversely, in weft yarn 
direction 1/5 sateen weave fabric had the lowest frictional resistance among 1/1 plain 
weave and 2/1 twill weave fabrics. Satin and sateen weave fabrics had the reverse 
results due to the direction of motion. 
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In warp yarn direction, sateen weave fabric had floating yarns placed towards the tip 
motion while in weft direction satin weave fabric had floating yarns placed towards 
the tip motion. In plain weave fabric coefficient of friction changed slightly 
according to direction of motion This result was attributed to the symmetrical 
structure of plain weave fabric. For 2/1 twill weave fabric coefficient of friction was 
higher in weft direction than in warp direction. In conclusion, direction of motion is 
important for asymmetrical structures having different yarn set in warp and weft 
directions such as twill, satin and sateen weave fabrics. 
Increase in length of float yarns and number of floats per unit area caused a decrease 
in coefficient of friction. Because floating yarns provide smooth motion between 
fabric surface and finger tip. Therefore, in warp direction satin weave fabric had 
lower coefficient of friction than 2/1 twill weave fabric and similarly 2/1 twill weave 
fabric had lower coefficient of friction than plain weave fabric. In weft yarn direction 
sateen weave fabric had the lowest coefficient of friction than the others. 
8.6 Future Studies 
There are a number of possibilities for future studies in this particular research area. 
For instance, one might want to improve structural properties of finger tip used in 
this study. Rather than using solely polysiloxane for tip development, perhaps using 
material that mimics elastic and viscoelastic properties of human skin more closely 
would be beneficial. Thus, the closer the artificial finger tip properties to the human 
finger the more precise measurement might be obtained. One might also improve the 
measurement of contact are between finger tip and fabric surface because contact 
area is very important for calculation of coefficient of friction for viscoelastic 
materials.  
Variety of fabrics might be enhanced for investigation of frictional properties. For 
instance, fabric composition effect on coefficient of friction could be investigated. 
Apart from plain, 2/1 twill, 5/1 satin and 1/5 sateen weave fabrics, other weave types 
could be investigated for pattern effect on coefficient of friction. Frictional properties 
of knitted and nonwoven fabrics might be observed. 
Fabric finishing effects on coefficient of friction might be studied. For instance, 
surface frictional properties of softener treated fabrics could be examined. 
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